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1.0 INTRODUCTION 


1 .0 INTRODUCTION 


This study contract was awarded on 15 June 1970. The object is to assess the 
potential impact of advanced technology in 1 965 on four classes of general 
aviation aircraft and to recommend areas where further research and development 
will help to realize the potential improvements. The four categories include 
conventional, STOL and V/STOL performance in 4 to 9 place aircraft, with heli- 
copters included in the study. The requirements for each category are listed 
under Section 6.1 and in Appendix I. The study procedure consists of: 

(a) establishing an optimized design configuration in each category, 
based on present technology; 

(b) investigating and pinpointing the most promising areas of applicable 
technology; 

(c) applying the selected advanced technology to each of the present 
technology designs; 

(d) assessing the results and making recommendations. 

The areas of advanced technology include those of aerodynamics, propulsion, 
structural materials, avionics, flight safety, automatic control, noise and 
emission abatement. These are assessed individually and in combination by 
means of a computerized analysis. The recommended combinations are then studied to 
determine their potential impact on the over-all transportation system, after 
which the areas of technical support are recommended. 

Reference lists are placed at the end of Sect lens or principal Subsections 
(see Table of Contents). 

It should be emphasized that the final results of the study, in the form of 
recommended configurations in each of the four categories specified by NASA, 
indicate long range potential and not predictions. In order to help develop 
this potential, extensive government support is required in the areas of 
technology research and development, the expansion of small airfields, pilot 
training assistance and other educational programs. 

A summary of this report is provided in a separate volume, NASA OR 114338. 
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3.0 


SCOPE OF STUDY 


The study follows the guidelines and constraints of paragraphs 1.4 and 1.5 of 
the Statement of Work in Appendix I. This document, which formed part of the 
RFP for this study, was interpreted by the Contractor in his Technical Proposal, 
Lockheed-Georgia Company Report ETP 9^3. The overall scope was illustrated in 
the Study Flow Diagram, Figure 3.1 . 

The first step of establishing requirements is to identify the constraints 
imposed by the RFP along with FAA requirements and any modifications agreed 
upon by the contractor and NASA. The second step is the identification of 
the projected applicable technology, in each of the areas listed, by specialized 
engineering personnel in each discipline and with the aid of published reference 
data and consultation with cognizant representatives of NASA, Lockheed and other 
organizations in the fields of airframe, engine, materials, avionics and appli- 
cable subsystems. In the third step, the most appropriate lines of technological 
development are selected for application to the sensitivity analysis. The 
fourth step is that in which two or more candidate configurations are investi- 
gated for each of the four specified categories. These configurations are 
then optimized by the use of parametric programs, using initial and operating 
cost as criteria. Present state-of-the-art is applied so that a base can be 
established for advanced technology sensitivity analysis. 

In the fifth step, the candidate configurations within each category are 
comp^.'ed, and one or more out of each is selected for sensitivity studies. 

The sixth step consists of applying variable characteristics to the selected 
configurations to determine the effectiveness of each variable toward improving 
the desired characteristics. These variables fall under five headings: Tech- 

nology, Safety, Environmental Performance and Growth. For each technology 
variable the future state-of-the-art is related to that of the present, so that 
its effect on the characteristics listed can be determined. Advanced technology 
is first applied in the form of advanced propulsion systems and advanced struc- 
tural materials. After separate assessment, the two are combined to establish 
advanced technology configurations, which are used as baseline designs for 
assessing all the other variables. These include the remaining technology 
items, extra safety provisions, environmental factors, performance variables 
and growth factors. The results of the sensitivity studies are then examined 
in the seventh step to determine optimum combinations and to recommend a 
selected future configuration in each category. 

Finally, the eighth step fulfills the principal purpose of the study by de- 
fining the recommended areas of study, research and development recommended to 
assist in promoting technology which will enhance the future growth of general 
aviation. 


4.0 REQUIREMENTS AND CONSTRAINTS 


The general constraints applicable to this study are listed in paragraph 1.5 
of the Statement of Work contained in Appendix I. They are tabulated in 
Figure 4.1 * 


FIGURE 3.1 STUDY PLAN 
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Certain interpretations* of the NASA requirements and additional constraints 

were agreed upon by the NASA and Lockheed Study Managers: 

o All costs will be expressed in 1970 dollars. 

o The range requirements will be in statute miles. 

o The 9.0g positive maneuver load factor requirement will be evaluated 
in the Sensitivity Analysis. The baseline designs will have PAR Nonnal 
Category load factors. 

o The required external noise level of 75 PNdb at 500 ft. will be applied 
to the baseline designs. 

o Lift-off and touchdown will be made at 1.20 V s . 

o Takeoff and landing requirements will be met at sea level standard con- 
ditions with altitude performance at standard temperature. 

o In connection with the structural load factors, PAR Part 25 specifies 
3.80 as the maximum positive limit load factor for maximum design gross 
weight. All loads are assumed to be limit loads, with a factor of 1.5 
applied to define ultimate loads. 

o In connection with the required noise level it was proposed that the 
level of 75 PNdb at 500 ft. be defined as the average noise levels at 
angles of 60 to 120 degrees with the heading of the propeller, as defined 
in Hamilton Standard Report SP67IA8. 

o The extra safety provisions will be evaluated in two groups: structural 

and systems. The former group will include a 9s design maneuver load 
factor, a 13 ft/sec design rate of sink and a crash resistant design 
cabin environment. The latter group will include an automatic wing 
leveling device, an automatic flare device, fuel tanks remote from the 
passenger cabin, a fire retardant system for the fuel, an anti-icing 
system and a crash locating device. The two groups will be evaluated 
singly and in combination. 


FIGURE 4. I SUMMARY OF BASELINE DESIGN REQUIREMENTS 
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5.0 


TECHNOLOGY INVESTIGATION 


This section of the report covers an examination of present and emerging tech- 
nology in the disciplines governing the design of aircraft in each of the four 
categories. They include aerodynamics, propulsion, structure and materials, 
avionics, landing gear, functional subsystems, safety techniques, utility and 
convenience features and VTOL technology. The investigation of each technology 
area will conclude with recommended approaches for each appropriate category of 
aircraft. 


5.1 Aerodynamic Design 

Aerodynamic technology investigation covers the areas of high lift systems, 
drag configuration and stability and control considerations, which will be 
discussed in that order. 

5.1.1 High Lift Systems 

The investigation of non-augmented high lift systems by the NASA has been active 
for over 40 years. Configurations have been developed which can be applied in 
an optimum manner to any conventional configuration. While augmented systems 
have also been subject to extensive investigation, their complication and 
attendant cost make them unsuitable for application to general aviation aircraft. 
They would only be appropriate to the STOL airplane candidates of Category II, 
which are single engined, with which minimum flight speed would have to be based 
on the power-off condition. 

In checking on previous experience with leading edge slats, it was found that 
the weight and cost of the aircraft actually increase when slats are used. The 
weight of the slats and the reflection of this weight on the weight of the air- 
craft results in a substantial penalty. The ground roll portion of the take-off 
is actually reduced, but the distance over 50 feet is increased on comparable 
aircraft, which have essentially the same power, but a higher gross weight. 

Thus , it is believed that slats are not a desirable addition to the high lift 
configuration on any category of conventional airplanes being investigated. 

The slat might be quite beneficial if chances of a leading edge stall condition 
existed. However, with the comparatively thick sections used on these aircraft 
and with the techniques presently available for leading edge stall prevention, 
such as leading edge droop and increased leading edge radius, it is not believed 
slats will be necessary for this purpose. 

Two flap systems have been investigated for Categories I, II, and III. The 
characteristics of the flap system are shown in Table 5.1.1. A single slotted 
system would be appropriate for Category I and Category III aircraft, while a 
double slotted flap system would be better suited to the Category II STOL 
aircraft. In the case of both these systems, slotted ailerons, that are drooped 
with the flaps, can be used. It is possible that the aft flap of the double 
flap system could be used for lateral control, but the considerable aft move- 
ment of the total system precludes any straight-forward way of actuating the 
aft flap by a correctional lateral control system. 





TABLE 5. 

1.1 




SINGLE 

SLOTTED (CAT. 

1 & CAT. Ill) SYSTEM 



(All Values of C T 

are untrimmed) 


Max. Lift 

Profile 

Interf . 

Induced 

Total 

Coeff . 
( C L 

) 

Drag Coeff. 
( % 5 

, c C d. 


Due to Flaps 

C c d) 

2.0 


.0033 

.0015 

.0040 

.0093 

2.2 


.0100 

.0040 

.0090 

.0230 

2.35 


.0397 

.0159 

.0205 

.0761 

DROOPED 

AILERONS 




2.16 


.0058 

.0023 

.0062 

.0143 

2.36 


.0120 

.0048 

.0114 

.0282 

2.51 


.0417 

.0166 

.0165 

.0748 



CAT. 

TL DOUBLE FLAP CONFIGURATION 





(Untrimmed Values) 


2.2 


.0105 

.0042 

.0072 

.0219 

2.4 


.0162 

.0065 

.0127 

.0354 

2.6 


.0240 

.0096 

.0189 

.0525 

2.8 


.0378 

.0152 

.0286 

.0816 

3.0 


.0670 

.0268 

,0390 

.1328 

3.07 


.0875 

.0350 

.0430 

.1655 


NOTE: Flap data was obtained from NASA TR 723 for Double Slotted 

Flaps and NASA TR 664 for Single Slotted Flaps. Data was 
also obtained from Royal Aeronautical Society Data Sheets 
Volume 4, page 01.01.01 to 08.01. 01, R&M2622 by A. D. Young 
dated 1947 British Ministry of Supply. 

The untrimmed maximum lift is 3*07 for the double flap with 30 degrees of 
aileron droop, and 2.51 for the slotted flaps with 20 degrees of aileron 
droop. The slotted flaps without aileron droop would have a maximum lift 
coefficient of 2.35. When an average configuration is assumed trimmed to 
20 percent center of gravity, the maximum lift coefficient for the double 
flaps would be 2.8, For the slotted flaps with aileron droop, the max imum 
lift coefficient would be 2.42. The slotted flaps without aileron droop 
would yield a maximum lift coefficient of 2.28. In the case of the 
Category 2 aircraft, in which double flaps are used maximum lift coefficients 
of 2.8, 2.6, and 2.4 were investigated. These coefficients were obtained by 
varying flap deflection. 

Three different types of high lift systems were developed for 
use on the parametric computer program. They are: 
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1. Single slotted flaps 

2. Single slotted flaps with ailerons drooped 20°. 

3. Double flaps with ailerons drooped 30°. 

Fifteen percent chord leading edge slats can be used with any of the above 
mentioned trailing edge devices. 

Figure 5.1.2 shows flap drag as a function of lift coefficient for single 
slotted flaps and double flaps. 

The method of combining full span flaps with ailerons is shown in Figure 5.1.3 . 
The 2-h flap described in NACA TR664 is ratioed up to a length of 32.5 percent 
chord. The trailing edge of the flap cove is located where the fixed wing skin 
would terminate for a 25$ chord simple flap. The "flaperon" is then hinged so 
that the nose is in the optimum position for a 30-degree flap deflection. Normal 
aileron action of 20 degrees up and 15 degrees down, in reference to any amount 

of flap droop position, is governed by a simple linkage inside the vring. 

The double slotted arrangemert, developed from data presented in NACA TR723, 
is illustrated in Figure 5.1*4 . A major advantage is that the combined length 
of the two segments equals 40$ of chord, but the nested length is only 35$ of 
chord, which does not impose an undue penalty on the wing box structure ahead 
of the flaps. Tracks are used so that each segment is in the optimum position 
in relation to its slot lip throughout the full range of travel. 

It was assumed that one engine will be used for the investigation of Categories 

I and II. As a consequence, all of the airport operations were conducted at 
speeds considerably above the power-off stall speed. Category III was investi- 
gated for both single and twin engine configurations. 

In the case of the Category II STOL aircraft, the landing condi tic - ', is quite 
critical, necessitating spoilers and very effective braking in order to meet 
the 500-foot landing requirement. In the case of the Category I and II air- 
carft, the field lengths are not as difficult to meet as the Category II 
requirement, so that it is unnecessary to have as sophisticated an approach 
to airport performance. Neither spoilers nor better- than-average braking 
should be required for these aircraft. 

In summation, the single slotted flaps are proposed for use in Categories I 
and III » while the double flaps appear to fit the Category II requirements . In 
addition, the effect of drooping the ailerons, which are of the slotted type, 
might be appropriate for both flap configurations. These data become part of 
the input in both take-off and landing calculations . The flaps have three 
effects on airplane drag: 

1. An increase in parasite drag due to the effective flap plate area 
of the flaps 

2. An increased interference drag due to the discontinuity at the fuselage. 

3. An increased induced drag due to the effect of the flaps on span load 
distribution. 


FIGURE 5.1.2 FLAP DRAG VS. TRIMMED MAX LIFT COEFF. 




FIGURE 5 .1. 3 32.5 PERCENT CHORD FLAPERON 

(REF NACA TR 664) 
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5.1.2 Drag Configuration 

No new technology is available for the application of drag reduction, other 
than that of applying the tried and true principles of good aerodynamic design. 
This includes proper streamlining of the fuselage and the avoidance of bad 
interference effects at the junctures of principal components, such as the 
wing-fuselage intersection. 

Pusher propeller configurations are included in the Category I and II appli- 
cations. Previous examples in the general aviation industry have proven to 
result in abnormally high drag, due to maintaining a short length of fuselage 
between the full-width cross-section and the propeller spinner. The examples 
investigated in this study employ extension shafting between the engine and 
propeller. The fuselage itself is faired to a two-dimensional wedge in the 
vertical plane, with a superimposed streamlined body, connecting the air 
induction scoop and the propeller spinner feared in the horizontal plane. 

This method is believed to result in drag comparable to that of a well-designed 
tractor propeller airplane, since it is not subject to slipstream impingement. 

Both fixed and retractable landing gear was investigated for Category I, while 
the other three categories have only the latter. 

In this task it i3 first necessary to determine the skin friction of each com- 
ponent being considered. Ir. order to do this, the Reynolds number must first 
be determined. A typical cruise altitude of 7500 feet will be used for the 
first investigation which is a reasonable altitude for 75# power on recip- 
rocating engines. This altitude will be changed for the turbo- supercharged or 
turbine powered configurations, as appropriate. 

The methodology for applying drag calculations to the parametric analysis is 
set forth in Appendix II. 


5.1.3 Longitudinal Stability and Control 


The selection of the horizontal tail for any type of aircraft is a question 
of meeting the static and dynamic stability and control requirements. For 
a small airplane the major dynamic requirements are the phugoid oscillation 
and the short period longitudinal oscillation. The phugoid oscillation will 
not be heavily damped, on these present study airplanes, because of the very 
clean configuration of these aircraft, but the period will be long and easily 
controllable, due to low cruise lift coefficient. The short period oscillation 
is always heavily damped on small aircraft, and should not create a problem. 
Normally, one would expect the static requirements to select the tail size 
for a small airplane. 

The horizontal tail area used in the parametric study was determined from 
correlation studies of satisfactory tail areas for the type of aircraft 
being considered. Thus, using typical airplane dimensions, it was found 
that the horizontal tail area could be determined as a function of fuselage 
width. It was found that this method 

was conservative, giving a value of .30 for tail area divided by fuselage 
area for a typical category I airplane. This value is close to the value 
of .31 for the fixed stabilizer plus elevator and trim tab, the configuration 
requiring the greatest tail area. 

The vertical tail area was also selected by correlative data on typical 
airplanes for the selected category. The requirements of the vertical tail 
are not as straight forward as the requirements of the horizontal tail, but 
still would have a requirement of giving good directional stability, plus 
providing a proper amount of yawing power to hold a yaw angle of at least 
10 degrees for cross wing airport operations. In addition, yawing power 
should be sufficient to hold wings level during a stall. The method of 
determining vertical tail area for the parametric, which is similar to the 
horiaontal tail relationship, is given on page 

Typical configurations were analyzed using the vertical tail area determined 
in the parametric, and were found to have sufficient control (yawing power) 
and directional stability. 

The rearmost usable center of gravity is normally set by the size, lift 
curve slope, position, and length of the horizontal tail, since the airplane 
center of gravity location and the horizontal tail determines the basic 
airplane stability. The most forward center of gravity position is determined 
by the total power of the tail in being able to meet critical control require- 
ments, which may be any one of several conditions, including stall in free air, 
nose wheel lift-off for a tricycle geared airplane, or hold-off in ground 
effect, at a very low speed (l .05 stall speed). A simplified analysis is 
made, in which the control power in free air is the forward C.G. constraint, 
and a change in negative moment equal to 0.10 of the lift coefficient is 
used for the aft C.G. limit. A 15 percent center of gravity travel is used 
as typical for these types of aircraft. The method of determining the aft 
C.G. is the consideration of the moment of the fuselage or/and nacelles as a 


body about the center of gravity, to which is added the destabilizing moment 
of the wing air flow of the fuselage, and the effect of wing fuselage inter- 
section. This results in substantially forward C.G. bias on the pusher 
airplanes, since the destabilizing effect of the fuselage requires that a 
forward center of gravity be used in order to get a negative slope of the 
d / d curve. Increments of tail area are then taken and the aft C.G. 

C M C L 

for stability is plotted as a function of tail area. 

In computing the most forward center of gravity condition, it is necessary 
to determine tne pitching moment and slope of the d^, /d^ curve of the air- 

M L 

plane less tail, and from these dal - to find the pitching moment at the 
stall. It is then possible to find center of gravity where the moments 
become balanced out without a horizon oal tail. The condition for the Category 
I airplane is with maximum flap deflection. Increments of tail size are then 
taken, and the appropriate center of gravity shift as a result of this moment 
is then computed. The tail input in this case is mainly a question of the 
maximum download that can be realized from the horizontal tail. 

The graph covering the selection of the horizontal tail for a Category I 
pusher airplane is shown in Figure 5 « 1 » 5 » This graph delineates a horizontal 
tail selection of minimum area for several different configurations. The 
aspect ratio of the horizontal tail is assumed to be 4*0 for all configurations 
studied The elevator chord is assumed 25 percent of the stabilizer chord. 

The following configurations were studied: 

1 . Variable incidence stabilizer and conventional elevator. 

2. Variable incidence stabilizer and slotted elevator. 

5. "All flying tail" with anti-boost tab. 

4. Fixed stabilizer and conventional elevator with trim tab. 


FIGURE 5. 1.5 
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The variable incidence stabilizer with conventional elevator is a configuration 
that has found favor since the early days of aviation and is used on such air- 
planes as the Piper Cub, the Cessna l8o, the Boeing 707 series, and many 
others. This system can be made to develop the maximum lift of which the 
elevator and stabilizer are capable. Beside this, the system is redundant, 
since a failure of the elevator controls will leave the stabilizer operational 
to provide longitudinal stability and trim. Conversely, if the stabilizer Jams 
the elevator can nomally be used to control the airplane through an acceptable 
speed range. 

The variable incidence stabilizer with slotted elevator is a more effective 
configuration than a conventional elevator and variable incidence stabilizer, 
as it is capable of a higher maximum lift coefficient, just as a slotted flap 
is more effective than a plain flap. 

The all- flying tail is quite popular presently, being fitted on both American 
and European light aircraft. This system has the virtue of being somewhat less 
expensive than the other competitive configurations, but does not have as much 
power as that of the variable incidence stabilizer, with either conventional 
or slotted elevator, since the anti-boost tab is quite small, and is used for 
trim. The tab moves in the opposite direction to that of the surface for trim 
at a critical forward C.G. condition, and is not as powerful as an elevator 
in augmenting force due to both size and deflection. Another disadvantage of 
the flying tail is the much greater change in moment with deflection, compared 
to the more conventional systems. This system results in an over- control 
tendency during landing, if the forces are light. If the system is balanced 
to give the proper forces, then the loss in force due to excessive tab de- 
flections would require a larger size of horizontal tail. At the aft center 
of gravity stability requirement, there is little to choose between the 
various configurations. The flying tail can be hinged so that the stick- free 
neutral point is essentially equal to the stick- fixed neutral point, with the 
stick force coming from the tab. However, a stabilizer-elevator combination 
can be used the same way, with either springs or an anti-boost tab for control 
forces. The present design practice for elevators, however, would indicate a 
slightly more forward 3tick-free neutral point than would be the case with an 
all- flying tail, but this is not necessarily the case. 

In regard to redundancy, all of the systems appear better than the all- flying 
tail, which would seem to have very light forces if the tab failed and might 
result in a major structural failure. In addition, failure of the tab system 
would make tne tail more subject to flutter. However, in the event of loss 
of the primary control, the tab could still be used to fly the airplane. 

Table 5.1.6 shows a comparison of horizontal tail area to wing area ratio 
(S^/Sy) for the selected Category I pusher airplane and one tail configuration 

of the Category II pusher. 


TABLE 5.1.6 HORIZONTAL TAIL AREAS 


(a ) CATEGORY I 

CONFIGURATION 

Fixed Stabilizer with Conv. Elevator 

Flying Tail with Anti-Boost Tab 

Elevator & Variable 

Incidence Stabilizer 

Variable Incidence Stabilizer with 
Single Slotted Elevator 


Variable Stabilizer .163 
Flying Tail .184 
Rear C.G. Equal To: 

25 # - .360 
30# - .427 
35# - .490 


(b) STOL AIRCRAFT - CATEGORY II 


.302 

.205 

.178 

.153 


Variable Stabilizer 


.203 


All of these cases, except where the rearmost center of gravity is arbitrarily 
selected, are for a 15 percent center of gravity travel. The minimum area 
ratio is .153* and the maximum is .302, which is almost a factor of 2 increase. 
The slotted elevator and variable incidence stabilizer combination has minimum 
area, and the fixed stabilizer and conventional elevator have the maximum 
area, mainly due to the fact the stabilizer must be at an incidence that will 
not cause an undue cruise drag penalty. 

If the horizontal tail is assumed balanced with regard to angle-of-attack, 

(C^ = 0) so that the stick-free and stick-fixed neutral points are the 
same, a further 10 percent saving in area csn be effected. Some type of 
artificial feel or an anti-boost tab would be required for stick force. 

Another interesting comparison is the horizontal tail area requirement for 
Idle Category II STOL airplane, configured as a pusher. This airplane 
requires a 15 percent larger tail area than that of the Category I vehicle, 
in order to meet the critical design conditions. The major reason for this 
increase is the larger pitching moments due to the double slotted flaps used 
on this airplane. 

The additional data show the tail area required if the aft limit, because of 
configuration restrictions, has to be set at 25 and 30 percent center of 
gravity. It is obvious that either of these restrictions would result in 
substantially more tail area than would be the case for an optimum tail 



selected for 15 percent C.G. travel. If the area is selected for stability 
at aft C.G.’s, then the elevator would not be critical, and the elevator chord 
could be less than 25 percent of the stabilizer chord. 

5.1.4 Landing Distance 

Field length is determined in the parametric analyses by calculating the 
take-off distance over a 50 ft. obstacle. As a check, however, landing 
distances were calculated for selected airplanes in three categories. It is 
assumed that all airplanes have a gliding speed of 1.2 times the stall speed 
at 50 feet, in all cases, and that a flare is conducted appropriate to the 
landing sink speed with at least 10 percent excess lift. A ground roll 
friction (braking) coefficient of 0.4 is used for all categories. No special 
devices are employed for Category I, but it is assumed that lift spoilers 
would be actuated at ground contact in Categories II and III, resulting in 
much more weight on the wheels, hence more effective braking, plus some increase 
in aerodynamic drag. No reverse thrust capability is assumed for any of these 
aircraft. Ta<? following landing performance was calculated: 

Air Total Dist. 


Cat. 

Field Length Reqt. Ldg . R/S 
f?tO (tt/sec) 

Dist. from 50’ 
(ft) 

Ground Roll 

~~m — 

from 50 

“7 KT 

I 

1000 5 

411 

338 

749 

II 

500 7 

161 

286 

447 

III 

1500 3 

503 

590 

1093 


From the above, it is obvious that the landing requirement is not critical for 
any of the selected aircraft. 


5.2 Propulsion 


5.2.1 General 

The four categories of aircraft in this study are expected to vary in gross 
weight between 2,500 and 10,000 lbs. Their cruising speeds vary from 130 to 
250 knots as minimum requirements, but are expected to reach speeds of 250 to 
300 knots in Category III. The speed range is generally in the 

spectrum best served by propeller drive, although high by-pass turbofans are 
possible candidates in the higher speed range. The shaft horsepower range of 
interest is expected to vary from 150 to 600. 

Figure 5.2.1 shows a matrix of the various types of propulsion systems which 
can be considered. The selectior of promising types from this matrix centers 
about whether or not the gas turbine or some other type, can replace the con- 
ventional piston engine used predominantly in small general aviation today. 

Gas turbine shaft engines are used in helicopters and in some high performance, 
relatively expensive, business aircraft. Turbofan engines are also used in 
this category. The remainder of general aviation aircraft use the opposed- 
cylinder, reciprocating type, which has been produced for over 30 years. Its 
closest competitors in the 1985 time period appear to be the gas turbine and 
the rotary combustion ( RC ) , or Wankel , engine . The former is inherently much 
lighter in pounds per horsepower, but faces a formidable handicap in cost per 
horsepower, presently being 4 times as expensive as the RC engine. The RC engine, on 
the other hand, is also potentially lighter in weight, but its inherent simplicity 
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and its use of materials and processes similar to those of reciprocating engines 
gives it an even lower cost potential. 

Applications in this study are limited to those in the shaded blocks. The other 
possibilities illustrated in Figure 5*2.1 are not presently under active development 
for aircraft. Some development of the vapor cycle engine is being directed 
toward automotive use, in view of impending anti-pollution legislation. This 
may lead to developments along other lines, as well. One promising line of 
development is the guided piston - turbine engine, a schematic of which is 
shown in Figure 5.2.2 . In this arrangement, which operates on the Brayton 
cycle, similar to the cycle used by gas turbines, the working piston and com- 
pressor are linked directly by a straight rod. The advantage of this system lies 
in the use of a positive displacement compressor, so that the high rotational 
speeds of the normal gas turbine compressor are not necessary. Then too, 
the energy for driving the compressor is extracted before the turbine is reached. 

The turbine also has a requirement for high speed, but use of compounding, or 
a radial design, would considerably simplify this task. The external forces 
become relatively small, and a wobble plate guides the pistons to assure the 
necessary sequence of operations. There is only one combustion chamber, and 
the turbine can be of any practical type. This concept promises specific fuel 
consumption as good or better than that of the conventional piston engine, 
will weigh less than the latter and cost less than the turbine engine. Of prime 
importance, however, is the fact that, since the process of combustion is 
continuous the emission of air pollutants can be reduced to a minimum. 

The scope of this study is limited to engine types on which reliable data 
exist. This narrows the field down to three types: the reciprocating, the 

gas turbine and the rotary combustion. For future development, however, possi- 
bilities such as the Brayton and Rankine cycles should not be ignored, since the 
problem of atmospheric pollution is becoming of ever-increasing concern. 

5.2.2 Reciprocating Engines 

The majority of piston engines used in today's general aviation aircraft are 
produced by two manufacturers. Until recently, relatively little in the way 
of new development has been applied, with the accent placed on improvements 
in reliability and specific fuel consumption (SFC). Two developments worthy 
of particular attention are fuel injection and the turbocharger. The former 
does away with the carburetor, and its icing problem and simplifies the 
achievement of optimum fuel/air ratio for minimum SFC. The latter increases 
the performance of the airplane at altitude by maintaining sea level power 
to altitudes of 15*000 to 20,000 ft. 

The Lycoming Division of Avco Corporation has recently completed a cost study 
of present state-of-the-art reciprocating engines, with particular attention 
to high production volumes. While their report was not made available for 
rev’ew in this report, Dr. H. E. Schmitt of the Lockheed-Georgia study team 
visi *»d Lycoming and discussed the study with their people. The study was 
essentially performed for a family of engines with 4* 6, and 8 cylinders. 

Obviously no effort was made to project engine weight much beyond present 
state-of-the-art and performance was restricted to essentially present tech- 
nology. One finding of their study was that an 8-cylinder engine with twice 
the horsepower of the 4-cylinder did cost somewhat less than twice as much. 


The high production rate would decrease the cost, but the investment for auto- 
mation would inhibit this trend. Real savings would not materialize unless 
production numbers would approach one million or more. In regard to HP per 
pound of engine weight, Lycoming considers one HP per pound to become eventually 
feasible. It would require 4500 rpm and a BMEP of 200 psi, 40-50 psi over 
present practice. One inherent problem is the valve mechanism at high speeds 
which necessitates overhead cam shafts. A liquid cooled, 2-cycle engine might 
be a possibility in connection with a turbo charger, but the pollution problem 
would be harder to solve due to the high fuel/air ratio required in certain 
operating conditions. However, there is no indication, anywhere, that such 
an engine will be developed soon, though fuel injection could solve the SPC 
problem encountered with this type engine in the past. The turbocharger will 
give about 10 % more T.O. horsepower per pound of engine weight. 

A new development in this field is exemplified by Teledyne Continental's 
recently announced line of "Tiara” engines. These engines operate at RPM’s 
up to 4400, compared with about 3000 for conventional types. A 2:1 reduction 
gear is provided, so that the propeller shaft can be an extension of the cam 
shaft. A patented, torsional vibration control eliminates pendulum dampers, 
reduces vibratory torque in the crankshaft, propeller gearing, propeller and 
accessory systems. This unit, termed VTC, is integral with the crankshaft 
and reduces torque by means of automatic dual frequency controls, whereby the 
propeller shaft is driven either solidly or flexibly by the quill shaft. The 
action of this unit serves to reduce stress in the engine parts, resulting 
in lighter weight. The manufacturer claims that these engines will have less 
weight per horsepower, deliver more power per cubic inch, reduce cooling loss 
and vibratory torque and provide smoother, quieter operation. They are claimed 
to be potentially less expensive by preserving « high percentage of commonality 
among components. Specific weight of the 320 hp, Model 6-320 engxne is 1.10 
lbs/hp, compared with I.46 for conventional engines in the same power category. 

5.2.3 Turbine Engines 

Turbine engines applicable to aircraft of interest to this study include the 
turboshaft and turbofan types. Small contemporary turboshaft engines have a 
power range of 300 to 800 shp, and are in active production for aircraft and 
helicopter applications. Characteristics of several turboshaft engines are 
as follows: 


T.O. 

ESHP 

Weight (lbs) 

Lbs /ESHP 

SPC (cruise) 

400 

155 

.59 

.70 

605 

325 

.54 

.66 

830 

289 

.35 

.61 


The first engine in this table has considerably more development, and therefore 
has a lower specific weight than the second engine. While the average SPC of 
these engines is about 30 percent higher than that of reciprocating engines, 
the specific weight is about 65 percent less. They would therefore be highly 
desirable powerplants for general aviation aircraft, if it were not for their 
difference in cost - $40 to $50 per hp, as against $10 to $15 for reciprocating 
engines. Although turbine engines are inherently simpler than piston engines 
by virtue of fewer parts, the material and fabrication cost of high temperature- 
resistant alloys is the predominant factor. 


Any future cost reduction will await development in metallurgy and fabrication 
processes. The NASA Lewis Research Center is addressing this problem as 
applied to pure jet and fan-jet types. Their primary application is military - 
for drones and short range subsonic missiles. Dr. H. E. Schmitt of the Lockheed 
study team discussed this development with Mr. Harold Gold at Lewis, who hopes 
that this engine development can be applied to general aviation aircraft, as 
well. In Reference 5*2.1, Cummings and Gold describe the cost obstacles of 
applying turbine engines to general aviation aircraft. They point to the current 
pure range of $22,000 to $65,000 for turbojet and turbofan engines in the desired 
thrust range, as well as $55*000 for a 600 HP turboshaft engine. These prices 
compare with $10,200 tc $17,400 for piston engines rated from 285 to 425 HP. 

Their objective is to achieve a cost level of $5*00 per pound of thrust for a 
1000 lb. chrust engine, in an effort to achieve high performance at low cost. 

Their approach to the problem is to work with comparatively low pressure ratios: 

4 for turbojets and 6 for turbofans, together with a turbine inlet temperature 
of 1500°P. In aircraft designed to cruise at 450 mph at 25,000 ft., SFC’s of 
1.20 and 0.90 can be obtained with turbojets and turbofans, respectively. The 
latter is of more interest to general aviation application, because of longer 
range and lower noise level capabilities. Their proposed 1000 lb. thrust, 2.5 
by-pass ratio, turbofan engine uses a single-shaft, two-bearing design for the 
core engine, with a 15 inch diameter fan in which the RPM is geared down 2 to 1. 
The 650 HP gearing system can be produced for approximately $600. No specific 
weight data are given for the turbofan application; however, a figure of 0.285 
lbs. per lb. of thrust is cited for the short flight endurance, turbojet engine 
designed for drone application. Application of the NASA Lewis concept to a turbo- 
shaft engine would require a further gear reduction of 15*1 and some loss in 
horsepower due to gear friction. 

Conventional turbofan engines, in the low thrust category, are under develop- 
ment by some manufacturers. One of the smallest is rated at 450 lbs. thrust. 
Turbome-'a, in Prance, is developing models varying from 1,550 to 1,900 lbs. 
thrust. These designs are unique, in that they include reduction gearing and 
variable pitch fan blades. The variable pitch fan assembly can also be mounted 
on any turboshaft engine to become, in effect, a shrouded propeller. Hamilton 
Standard is working on the same concept, termed the "prop fan." The Turbomeca 
turbofan engines operate at a pressure ratio of 8:1 to 10:1, against 20:1 of 
large engines, and will be operated like constant speed turboprop engines. In 
a still higher thrust category, United Aircraft of Canada is producing a new 
model, the JT15D, rated at 2200 lbs. thrust. Representative characteristics 
of available turbofans in the low thrust rating category is as follows: 

T. 0. Thrust (lbs) Weight Thrust/Waight Remarks 


430 

61 

l.o 

Short life applications 

1364 

530 

2.6 

geared, variable pitch fan 

2200 

480 

4.6 

conventional design. 


No comparative cost data are available on the above models. However, it is 
believed that they reflect the present high cost relationship to piston engines, 
hence will be used only on high performance, expensive, business aircraft. 
Normally SPC and thrust/weight ratio improve as rated thrust is increased. 
However, the first engine in this list is a short life product without the 
auxiliary equipment of a normal service engine, and is therefore quite light. 


Since the reliability of turbofans is already high in comparison to piston 
engines, and their characteristics generally improve with size, it is believed 
that the business aircraft of the future might have only one engine, instead 
of the usual two. There is, also a cost advantage in so doing, since the cost 
per pound of thrust decreases considerably with increased size. 

5.2.4 Rotary Combustion Engines 

The rotary combustion (RC), or Wankel, engine represents the latest trend in 
displacement engines. It is named for the German engineer, Felix Wankel, who 
investigated the principle as early as 1926 and pursued his work in a research 
institute, from 1951 on, with the assistance of German industry. Curtiss-Wright 
has obtained a licensing agreement and has since done a considerable amount of 
development of the engine for both automotive and aircraft applications. Auto- 
mobiles with RC engines now in production work are NSU in Germany and Mazda in 
Japan. General Motors also presently has a licensing agreement with Curti_s 
Wright for RC engine production. 

Figure 5 » 2. 3 . obtained from Reference 5.2.2, shows a cut-away drawing of Curtiss- 
Wright 's experimental RC6 engine. Figure 5.2.4 shows a cut-away view of the 
Curtiss-Wright Model 4 RC 6 engine which has four rotors attached to the shaft and 
is designed to produce 400 hp. Figure 5.2.5, from the same reference, shows the 
rotor position in each step of the cycle. The rotary motion of the engine, in 
comparison to reciprocating motion, affords complete freedom from mechanical 
vibration. The engine is inherently simple by virtue of relatively few parts; 
is lightweight; has an efficient operating cycle and is potentially inexpensive. 

The biggest development problem has been the apex seals at the corners of the rotor. 

Dr. H. E. Schmitt, of the Lockheed-Georgia study team, discussed the status of 
RC engine development with Curtiss-Wright (C-W) personnel during a visit to their 
facility. The discussion was primarily related to aircraft applications, one of 
which was the Lockheed "Q-Star" low noise level airplane. Subsequent discussions 
were held between Curtiss-Wright representatives and members of the Lockheed study 
team and, later, with representatives of Lockheed Missiles and Space Company. The 
engine in the Q-Star is a modified automotive engine and is actually the only Wankel 
engine built by C-W which has been flight tested, so far. It is a liquid cooled 
engine rated 185 HP at 5000 rpm. it is developed from the RC2-60 with two rotating 
chambers of 60 cu. in. displacement per chamber. Operation in the Q-Star has been 
very satisfactory, with no flight delays or cancellations chargeable to engine 
malfunction. The RC2-60 weighs 237 lbs. including required accessories. 

A survey of opinions concerning liquid versus air cooled aircraft engines conducted 
by C-W showed no objection against a liquid cooled engine. C-W considers it pos- 
sible to increase engine speed up to 10,000 rpm eventually, which would nearly 
double the present power output. The engine can be run on JP4 or gasoline, although 
JP4 requires a power reduction of about 10-15%. The rotor of the RC engine is oil 
cooled, and a considerable fraction of the heat must be dissipated this way. Con- 
sequently, a F.C engine would never be truly air-cooled. Total heat rejection is 
45% of indicated power and about 15 % is removed by the oil which cools the rotor. 

C-W has about 45 » 000 hours running time accumulated during their RC engine 
development and feel confident that the seal problem is essentially solved. 

Cost estimates based on a production of 5000 per year show a somewhat lower 
cost per HP for the RC engine, compared with present reciprocators; $8/HP for 
the RC against $1l/HP for the recips. Turbo- supercharged engines might reach 
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$i8-20/HF. For production numbers of 100,000/year the general consensus is 
that cost could be expected to drop by 50$. The conclusion from the above is 
that an RC type, if fully developed, could be built for less than $8/HP and a 
specific weight of 0.6-0. 8 lbs. /HP. Specific fuel consumption would not vary 
much and stay around 0.45 to 0.50 lbs. /HP/hr. 

For application to the advanced technology aircraft in the sensitivity analyses 
of Section 8.0, Figure 5.2.6 shows the anticipated trend of weight versus 
horsepower for this type of engine in the 1980 and subsequent time period. 

The graph was received from the Curtis s-Wright Corporation on 23 December 1970 
and will be used in the sensitivity analyses. 

5.2.5 Engine Type Analysis 

The selection of engine types for the relatively small general aviation air- 
craft of the mid 80's has to depend not only on performance but cost. It is 
generally a fact that the more horsepower per pound of engine weight are 
generated, the higher the cost in dollars per horsepower, and it is essential 
to know the approximate relation between the payload/gross weight ratio and 
the installed horsepower/engine weight ratio as an indicator of potential air- 
craft performance. For example, if the cost per horsepower would be one- 
half for an engine weighing twice as much, nothing is gained if the aircraft 
weight for a required payload increases at a rate as fast as the engine weight. 
An equation was developed which brings the various weight groups of an air- 
plane in relation to the payload/gross weight ratio. The equation is based 
on the four major weight groups: 

1) Structural weight and avionics 

2) Engine weight and its accessories 

3) Propeller and gear weight 

4) Fuel weight 

Each one can be refined to any degree desired. Various consistent assumptions 
are made and some of the preliminary results are plotted for each category in 
Figure 5.2.7 . where the payload/gross weight ratio is plotted against the 
engine horsepower/weight ratio. Take-off acceleration is assumed as 0.36 for 
Categories I and III and 0«6g for Category II. The static thrust of the 
propeller is assumed to be 4 lbs/HP. The specific fuel consumption is assumed 
to be independent, from engine weight or size and is fixed at 0.5 lbs/HP/hr. 

In each case, a turboshaft engine representing present state of the art 
(circles) with an HP/lb of 2.22 and an SFC of 0.64 is plotted as a comparison. 
There are already large turboshaft engines which have SFC’s as good or better 
than u.5 but to duplicate this in a small engine of 300 HP would be costly 
even after another 10 years of development. 

As coit is an important objective, the question then is: What is the least 

expensive way to achieve weight reduction as long as the latter can mean 
total cost reduction? For instance, it is not the cost of fuel per se, but 
evnry pound of fuel which has to be carried requires a larger engine. This 
means a larger airplane, and the iritial investment most likely goes up. To 
keep cost and performance in the proper balance it is therefore necessary to 
know when the ret ims of a particular effort diminish. The curves illustrate 
this fairly well. Category I is a relatively slow and short range aircraft. 

It is quite obvious that there is little gained with an engine which generates 
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more than one horsepower per pound of engine weight. However, going from 0.66 
HP/lb (or a specific engine weight of 1.5 lb/HP, which represents good present 
state-of-the-art) to 1 HP/lb pays, especially if cost per horsepower is not 
increasing. In case of the RC engine which is already close to 1 HP/lb, cost 
estimates predict $8-10 per horsepower. The SFC of the RC engine has been 
demonstrated at slightly below 0.5 lb/HP/hr; however, there is little chance 
that this will change very much in the future because of the thermodynamic 
limitations of this concept, and further development will mainly affect cost 
and weight. The high cost of the turboshaft engine and its higher SFC, for 
the time being, would exclude a turbo engine in this category. What can be 
said for Category I is true, also, for Category II, if not quite to the same 
degree . 

The trend of the curve for Category III, which has a fairly high speed, long 
range requirement clearly shows that as long as the SFC of the turboprop is 
not reduced to the same level of the displacement type engine, there is no 
sense using a turboshaft engine even if the costs could be disregarded. 

Thus, the conclusion would be that an engine of 1 HP/lb and an SFC of 0.5 
lb/HP/hr would be an excellent match for Categories I, II, and III. Such an 
objective should not be unrealistic, even under stringent cost considerations. 
The RC engine has a good potential to meet this requirement at low cost. The 
question then is if there are other concepts suitable for reaching the same 
goal, which might have a potential for lower fuel consumption. This would 
require a separate study to find Idle real answer. 

The trend for helicopters in Category IV, with a cruise speed of 150 knots 
and a range of 500 statute miles, is shown in the lowest curve of Figure 5.2.7* 
The situation here is not quite as clear-cut as in Category III. One thing 
is clear, however: A reciprocator with the present HP/lb ratio of 0.66 would 

result in a very low payload ratio of .065, while with a turbine of present 
vintage one might achieve a payload ratio of 0.l8, nearly 5 times as much. 

This is to be expected and is the reason why the turboshaft engine has made 
the helicopter what it is today. An engine with a HP/lb ratio of one and an 
SFC of 0.5 or better could compete with Idle turbine at least as long as the SFC 
of Idle turbine is higher than 0.6 Ib/HP/hr. A definite conclusion for the 
helicopter is made more difficult, at this point, because the rotors and gears 
represent a larger portion of the total cost than the propeller in a wing-borne 
aircraft, and the cost of the engine becomes a smaller fraction of the overall 
cost. The parametric analyses in Section 7,0 is based on present technology 
propulsion systems. They show the reciprocating engine to be best in Category 
I and the turboshaft in Categories II, III and IV. However, for the 
sensitivity analyses of Section 8.0, 1985 technology must be applied. Using 
the data of Figure 5.2.6 for the RC engine, along with reliable projections 
for reciprocating and turboprop types, a representative comparison is made 
in the ensuing table for application to Categories I and III: 
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1985 PROPULSION POTENTIAL 


TYFE OP ENGINE 


Rotating 

Recip- 


Combustion 

rocating 

Turboprop 


Category I 

Assumed Gross Weight (lbs) 2400 

Cruise Speed (kts) 140 

Cruise H.P. 120 

Cruise S. P.C. (lbs/hp-hr ) O.46 

Fuel Req. for 500 n. mi. (lbs) 197 

Max. Rated H. P. 145 

Engire Specific Wt. (Ibs/hp) 0.66 
Engine Wt. (lbs). 96 

Engine Plus Fuel Weight 293 


III 

I 

III 

I 

III 

8000 

2700 

11,000 

2500 

8800 

2 SO 

140 

250 

140 

250 

724 

135 

1000 

125 

795 

O.46 

0.46 

0.46 

0.65 

0.60 

665 

22? 

920 

291 

950 

1100 

162 

1520 

150 

1210 

0.50 

1.20 

1.00 

0.60 

0.40 

550 

194 

1520 

90 

484 

1215 

416 

2440 

381 

1434 


While the above comparison will not necessarily be consistent with the results 
of the sensitivity analyses, it can be considered reasonably accurate. Weight- 
wise, in both Categories, the rotating combustion engine shows to advantage over 
competitive types. 


Although the cost comparison is not shown, the indicated cost of the rotating 
combustion engine, per horsepower, is considerably less than that of its nearest 
competitor, the turboprop, and somewhat less than that of the reciprocating engine 
Since the RC engine uses less fuel, per trip, its installation will result in 
minimum operating cost. For these reasons, the RC engine has been selected as 
the representative advanced technology power-plant in all Categories. 


5.2.6 Propulsion Engine Emissions 

The contribution to the general air pollution by small aircraft engines is 
relatively insignificant as compared to the pollution caused by automobiles. 
About 6Cffo of United States pollution comes from automobiles alone, while the 
part contributed by aircraft is less than 2#>. To begin with, an aircraft 
engine is relatively efficient, and its manner of operation assures an optimum 
fuel/air ratio most of the time. Only during take-off is the fuel/air ratio 
enriched up to 20 % beyond the stoichiometric ratio (.067), and this is done at 
maximum power. Extended operation at idle and/or low power is rare, except at 
airports under high traffic density conditions. Incomplete combustion occur- 
ring under these conditions is responsible for most of the carbon monoxide and 
hydrocarbons contributing to the pollution of air. Oxides of nitrogen are 
probably created in the high temperature flamefront, and their concentration 
is essentially a function of the maximum cycle temperature and can be reduced 
by turbulence during combustion. These emissions are quite toxic, and will 
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require additional redearch by the engine manufacturers in order to achieve a 
tolerable level. Modern aircraft engines have fuel injection and dual ignition, 
rhich are both helpful in reducing emissions. The use of exhaust reactors or 
afterburners might never be necessary. If aircraft engines of the future, 
including the RC type, will have turbochargers, the exhaust is exposed to hot 
surfaces which should affect the exhaust gases to the same degree as that of 
a reactor. A final answer would have to be obtained from experimental data. 

Figure 5.2.8 shows the relation of power versus fuel-air ratio for a typical air- 
craft engine. Actually it is typical of any reciprocating engine using gasoline 
as fuel and an Otto cycle. Maximum power is obtained at a rich mixture, (fuel, 
air ratio of .08) while the exhaust temperature reaches a maximum with some loss 
in power near stoichiometric conditions. Below stoichiometric, on the lean side, 
power is lost rapidly while the curve on the rich side is fairly flat. In other 
wordr, fuel enrichment reduces exhaust temperature wi+h little or no loss in 
power, which is the reason why a rich mixture is selected for takeoff. 

In cruise, a leaner misture saves fuel but can overheat the engine if pushed 

too far. In small aircraft, the selection of the fuel mixture is presently 

noi, automatic and is left to the pilot. He car. be assisted by instrumentation 

or he depends on his feel; that is, he leans the mixture to a point where the 

rpm drops or the engine becomes rough, and then he backs up on the throttle to 

a slight degree. Improvements in the methods of controlling the fuel-air 

mr. Vare in small aircraft engines, such as electronically-controlled fuel injection, 

would be the first step in reducing their contribution tc air pollution without 

sacrificing the important consideration of fuel economy. 

Reference 5-2.3 reports the results of a government contracted program directed 
toward measuring the exhaust emission of a light aircraft with piston engines. 

The tests included measurement of the extent of natural afterburning. The flight 
test cycles on which the data wero taken were: T.O. - Cruise-Landing (TCC) of 

34-2 min. and Landing - T.O. (LTO) without a cruise mode. Times of operation 
during the cruise mode were 6.5 min. with rich mixture and 2.5 min. with lean 
mixture. The measured amount of pollutants, in terms of pounds per fuel consumed, 
were: 

Carbon Monoxide 0.847 

Hydrocarbons 0.0210 

Nitrogcin Oxides 0.0102 

Since the operational cycles were primarily with rich mixture and uncharacteristic 
of normal airplane operation, the measured figures for operation with lean mixture 
are more meaningful. They were, respectively: 

CO 0.326 

HC 0.0061 

NO 0.0463 

Present automobiles are 0.525» 0.066 and 0.018 respectively, but must be reduced 
by 1972 to O.I 76 , 0.015* with no standard for NO. HEW has proposed Federal Stand- 
ards, effective in 1975* of 0.050, 0.002 and 0.0041, respectively. Aircraft will, 
no doubt, be required to have the same pollutai,t levels as automobiles, and the 
engine manufacturers will have to design accordingly. 
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In the case of turbo engines, pollution is presently judged by the visibility of 
a smoke trail. (The latter can be eliminated by proper design of the combustion 
chamber, and much work has been done on this problem recently, with resultant 
decrease in visible smoke trails.) The problem can be solved by more careful 
mixing of fuel and air in the primary zone of the combustion chamber, especially 
by avoiding over-rich fuel zones. The remedial work is underway, and many of the 
commercial airlines are retrofitting their engines with combustion chambers which 
do not smoke visibly. Exhaust gas emission control will significantly reduce 
the emission of all major contaminants to an acceptable level. There is a dif- 
ference between the chemical build-up of gasoline and the heavier fuels used in 
gas turbines and diesel engines. With over-rich fuel mixtures, gasoline forms 
carbon monoxide, while with heavier fuels carbon is emitted, which in contrast to 
carbon monozide is visible. A surplus of air in the combustion zone does eliminate 
this phenomenon in either case. Although the Otto cycle does not work very well 
with mixtures leaner than stoichiometric, close control of the fuel-air ratio 
will reduce the pollution problem. Reference 5*2.10 deals with reducing the emis- 
sions from a rotary combustion engine by means of an exhaust reactor. 

No reliable data arc presently available with which to assess the future cost of 
pollution control in aircraft engines, la the sensitivity analyses of Section 
8.0, propulsion system weights are made conservative to account for anti-pollution 
equipment. 

5.2 7 Selection of Propulsor 

Because of the comparatively low cruising speeds in all categories, the pure jet 
engine is eliminated from this study. Consequently, any comparison is based on 
shaft engines and turbofans of various types, and their performance and cost 
factors will affect the total cost of the airplane. If cost per horsepower is 
reduced, without change in horsepower per pound of engine weight, nothing will 
change but the cost of the engine. If cost per HP is unchanged, but HP per pound 
of engine weight is increased, less horsepower is needed because the airplane 
becomes lighter and less expensive at the same time. This can be concluded from 
Figure 5*2 7. showing that it is important not to waste any horsepower by ineffi- 
cient or poorly matched fan or propellers. 

The shaft torque can be generated either by a turbine or displacement type engine. 
The curves on Figure 5*2.7 are based on a propeller. The diagram developed by 
Hamilton Standard in Figi *e 5*2.9 shows clearly that the propeller is giving the 
most thrust for the leas*, shaft horsepower. This is especially true for speeds 
not exceeding 250 knots. However, the difference between propeller and fan becomes 
less pronounced at speeds between 300 and 400 knots. If a relatively inexpensive 
turbofan is possible, as developed by the Lewis Research Center, a Category III 
airplane with cruise speeds substantially higher than 250 knots might become cost 
effective. Accurate cost estimates would require more detailed engine performance 
data which are not yet available. The combination of u propeller and a rotating 
combustion engine ($10.00 per horsepower and 4 lbs/HP T.O. thrust) could result 
in a cost of only $2.50 per lb. of thrust. When the cost of the propeller is 
added, the cost per pound of thrust is still only about $3.00. This figure 
compares with the most optimistic one of $5*00 for future turbofans, which would 
have much higher fuel costs. 


In Figure 5.2.10 , augmentation ratio is plotted versus flight Mach number for 
bypass ratios from 1.5 to 15 of a turbofan. Augmentation ratio is the ratio 
of the thrust of the turbofan engine to the thrush of the primary hot gas as 
if it would come from a straight turbo-jet. The specific thrust of the straight 
turbo-jet (gas generator) is assumed to be 80 lbs/lb/ sec. The trend of the curves 
is similar to those of the Hamilton Standard diagram (Figure 5*2. 9)* At high 
subsonic speeds the augmentation ratios seem to converge, and a more thorough 
analysis would be necessary to establish the differences especially if installation 
effects are introduced. However, in the 250 knot speed range of interest for 
Category III, the propeller is superior by far. At higher speeds of 350 - 375 
knots, its superiority might be traded for some ocher benefit of the turbofan or 
prop fan. 

The prop fan is essentially a turbofan with extremely high bypass ratio, that 
employs variable pitch fan blades. Its performance is between the propeller 
and turbofan. Better takeoff vhrust is obtained than would be the case with a 
turbofan, but not as good as a propeller. However, it is comparable to the turbo- 
fan, and superior to the propeller, at higher speeds (Mach 0.6 and above.) 

The prop fan is very quiet, because of the multiplicity of blades, and the 
shrouding. 

The conclusion from these considerations is that the propeller will remain the 
dominant form of propulsor, except for aircraft with exceptionally high speed 
performance. As future possibilities, the turbofan and the 'fcrop fan" should 
be assessed for Category III airplanes. 

5.2.8 Propeller Technology 

Most general aviation aircraft use aluminum propellers produced by two principal 
manufacturers. The larger propeller-driven commercial aircraft use Hamilton- 
Standard propellers, since other manufacturers are no longer active in the 
propeller field. Hamilton Standard has been very active in the development of 
improved propellers, with particular accent on achieving lighter weight and 
higher reliability. Their programs have been aimed at the large, high powered 
units vised in transport aircraft, particularly those designed for VTOL and STOL 
operation. Some outstanding developments have included the fiberglass blade 
with steel spar; the integral reduction gear concept; the variable camber pro- 
peller and many others. While these improvements can be incorporated in 
future applications to general aviation aircraft, no active development is 
going on at the present time. Figure 5.2.11 from Reference 5«2.4 shows the 
lightweight blade concept, which is said to reduce weight by 50 percent while 
providing fail-safe and field-repairable structure. Figure 5.2,12 . also from 
Reference 5*2. 4> shows the integral gear box concept, which also effects reduced 
weight (by 20 to 30 percent) besides providing a smaller envelope, improved 
reliability and earlier maintainability. Figure 5.2.13 * again reproduced from 
Reference 5*2.4, shows the weight saved by improved design in both areas, 
between I960 and 1967. Development targets for 1974 call for a 3 percent 
increase in static thrust efficiency, a 7 percent increase in cruise efficiency, 
a 15 $ reduction in weight due to new design concepts and an additional 20 
percent due to new materials. Reference 5.2.6 summarizes Hamilton Standard's 
design program for achieving improved maintainability. One noteworthy feature 
is a quick disconnect blade retention concept. 
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Hamilton Standard’s NASA-sponsored study (Ref. 5*2.4) not only addresses the 
noise problem but also outlined several interesting approaches to simplified, 
lightweight, low cost design. The "prop-fan” concept was also investigated 
for general aviation use and showed promise as a candidate propulsor for air- 
planes at the high end of the speed spectrum, 

5.2.9 Propeller Performance and Noise 

In order to select propellers for the airplanes covered in this study, several 
diameters at three activity factors (100, 140, 180) and 4 design blade lift 
coefficients were investigated (0.15» 0.30, 0.50 and 0.70). Table 5*2.14 
shows the propellers that were investigated for Category I and Category II. 

The same propellers checked for Category II were also analyzed for Category III. 

TABLE 5*2.14 

SUMMARY OP PROPELLERS INVESTIGATED 


CAT. 

DIAM. 

AP 

des.c l 

H.P. 

I 

8 

100 

*15 

225 


9 

140 

*30 



10 

180 

.50 


II, III 

11 

100 

*15 

400 


12 

140 

.30 



13 

180 

*50 



14 


.70 



NOTE: All the combinations of diameter, activity factor, and design 

lift coefficient are analyzed for each category. All propellers 
are 4-bladed, but 3-bladed propellers have also to be checked for 
Category I at the same values given for the Category I investigation. 

It was originally thought that an unduly large penalty would occur as a result 
of the directivity of sound. However, the latest Hamilton Standard data indicates 
very little influence due to directivity. In the sample, the rotational speed 
for constant noise level would be changed by only 30 RPM, which can be compensated 
by slight changes in activity factor or diameter, as a result of directivity. 

The average value from 60 to 120 degrees with the propeller shaft is compared 
to the maximum value of noise which occurs at 105 degrees. 

All propellers in this selection were four-bladed, but three-bladed propellers 
have been investigated for Category I. Propeller comparisons for three cate- 
gories of airplanes are presented. All are analyzed for a noise level of 75 
PNdb at 500 feet, using an average directivity correction between 60 and 120 
degrees. A sample of the noise analysis is given on Table 5*2.14*1* 



TABLE 5.2.14.1 


SAMPLE CALCULATIONS FOR NOISE LEVEL - CATEGORY I 


(9 ft. 

Diam. 

Propeller - 

225 HP) 



Propeller R.P.M. 

1500 

1500 

1100 

1000 


Tip Speed (ft/sec) 

707 

613 

518 

471 


Tip Mach No. 

. 63 ? 

.549 

.464 

.423 


db Level due to Tip 






Mach No. & Power 

80.7 

77.5 

74.25 

72.7 


Correction for Diam. & No. Blades a 

+ 1.7 db 




Fundamental Noise Level 

82.4 

79.2 

75.95 

74.4 


Correction at 500 ft. 

0 

0 

0 

0 


Directivity Azimuth 

6o e 

750 

90° 

105° 

120° 

db correction 

-1.0 

-.6 

0 

+.4 

-.2 

maximum ( 60 ° to 120°) 

+ .4 

+.4 

+.4 


+.4 

average (60° to 120°) 

-.5 

-.5 

-.3 


-.3 

PNdb correction 

2.0 

1.4 

.55 


.05 

Total Max. Noise Level (PNdb) 

84.8 

81.0 

76.9 


74.85 

Total Average Noise Level 






(PNdb) 

84.1 

80.3 

76.2 


74.15 


RPM for Max. Noise Level 
= 1010 

RPM for Average Noise 
Level = 1040 


Propellers can be selected for a noise level of 75 PNdb with static thrust 
varying from 4 pounds to 6 pounds of thrust per horsepower, Conventional pro- 
pellers, with unrestrained noise level, can also be selected for comparison. 


The performance of the Category I propellers is listed in Table 5.2.14.2 a nd 
plotted in 5.2.15. It can be seen that an efficiency of 86 percent can be 
realized with static thrust values of 4 to 6 pounds of thrust per horsepower. 
Prom Ihe graph, it can be seen that a propeller diameter of 8 feet with an 
activity factor of 140 and a design C_ - .35 will yield 4 pounds of static 
thrust per horsepower, with a cruise efficiency of 86 percent, for an engine 
rated at 225 horsepower, with cruise conditions of 130 lmots at 7500 feet. By 
going to a larger diameter propeller, it is possible to obtain 6 lbs. of static 
thrust per horsepower and a cruise efficiency of 86 percent. The diameter 
would be 9 feet, the activity factor would be l 80 , at a design lift coefficient 
of 0.55. 
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TABLE 5. 2. 14 X 

CATEGORY I PROPELLER SELECTION FOR 75 PNdb AVERAGE NOISE LEVEL AT 500 FT. 

(225 hp normal rating; 169 hp for cruise at 92# 
take-off rpm; 130 kts, cruise speed at 7500 ft.) 


DIAM/RPM 



DESIGN C T 
Jb 





I 

8/1060 

• 30 

.50 

I 

.70 | 

Activity Factor 

100 

140 

180 

100 

140 

180 

100 

140 

180 

T.O. Thrust 

711 

892 

1007 

731 

950 

1078 

786 

1016 

1149 

Cruise Eff.(#) 

83.3 

85.7 

85.8 

1 

86.2 

86.5 

85.7. 

86.8 

85.6 

82.9 

9/IO3O 

.30 

- 50 

.70 

Activity Factor 

100 

140 

180 

100 

140 

180 

100 

140 

180 

T.O. Thrust 

1001 

ll6l 

1273 

1081 

1261 

1337 

1149 

1321 

1354 

Cruise Eff. (#) 

87.2 

87.5 

86.8 

88.4 

87.2 

85.25 

87.4 

83.5 

74.8 

10/1000 

.30 

.50 

.70 

Activity Factor 

100 

140 

180 

100 

140 

180 

100 

140 

180 

T.O. Thrust 

1240 

1410 

1478 

1351 

1492 

1474 

1440 

1492 

1440 

Cruise Eff. (#) 

90.4 

89.1 

87.3 

89.7 

85.5 

80.5 

85.O 

67.0 

- 


The Category II study of single propellers is based on 400 horsepower. The results 
are listed in Table 5.2.16 and plotted in Figure 5.2.17. The propeller is selected 
for high static thrust (6lbs/hp) with a diameter of 13 ft , an activity factor 
170, and a design lift coefficient of .25* The cruise efficiency is 86 percent. 

For a static thrust level of 5 lb. per horsepower, and an efficiency of 86 
percent, a propeller of 11 ft. diameter, 170 activity factor, and a design lift 
coefficient of .35 would be selected. For the static thrust level of 4 lbs/hp, 
a diameter of 11 ft., with 90 activity factor, a .65 design lift coefficient at 
86 percent cruise efficiency would meet the design requirements. 
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FIGURE 5.2.15 
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TABLE 5.2.16 

CATEGORY II PROPELLER SELECTION FOR 75 PNdb AVERAGE NOISE LEVEL AT 500 FT. 

(400 hp normal rating; 300 hp for cruise at 
92# t.o. rpm; 200 kts, cruise speed at 7500 ft.) 


DIAM/RFM 

DESIGN C T ! 

. L -J 


11/815 

Activity Factor 
T.O. Thrust (lbs) 
Cruise Eff. (#; 

.30 

.50 

! 

.70 j 

100 140 180 
1501 1810 2002 
90.5 88.9 87.0 

100 140 180 

1590 1943 2120 

89.7 84.2 78.5 

100 140 180 i 
1678 2061 2208 
83.O 65. 

12/790 ~ 

T.O. Thrust(lbs) 
Cruise Eff. (#) 

1824 2150 2297 

90.9 88.4 85.2 

1991 2283 2408 

88.0 78.5 70.0 

2158 2394 2408 

71.0 

13/770 

T.O. Thrust (lbs) 
Cruise Eff.(#) 

2156 2459 2571 

90.6 86.9 82.6 

2334 2598 2598 

84.0 71.5 58.0 

2505 2610 2532 

T.O. Thrust (lbs) 
Cruise Eff, (#) 

2290 2695 2746 

88.5 84.5 79.5 

2493 2797 2708 

78.0 66. 5 

2620 2720 2404 

mm mm mm 



* Category II was also investigated with twin propellers and similar selection data 
were derived. The results are not shown because the twin propeller installation 
was not chosen later. 

The Category III propeller selection charts are plotted in Figure *5.2.18. They 
have inordinately large diameters, due to the extreme difficulty of matching cruise 
and take-off requirements, particularly if the criteria of 6 pounds of thrust/hp 
is used. At this static thrust value, however, the cruise efficiency is 84#, 
as compared to 86# that can be maintained by propellers in the other categories 
of aircraft. For a moderate static thrust performance of 5 lb. thrust/hp, a 
diameter of 13 ft. , an activity factor of 100, and design lift coefficient of 
.15 would be required. 

The selection of conventional (noisy) propellers for Category I and II is 
calculated in Apperlix III. A comparison of these pro- 

pellers with low noise level propellers is given in Table 5.2.19. 
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FIGURE 5.2. 17 STATIC THRUST VS. CRUISE EFFICIENCY 

CATEGORY 2 -1 PROPELLER 
400 HORSEPOWER 
75 PNDB NOISE LEVEL 
200 KT. CRUISE SPEED 








STATIC THRUST VS. CRUISE EFFICIENCY 
CATEGORY 111,2 PROPELLERS 
350 H. P./PROPELLER 
75 PNDB NOISE LEVEL 
250 KN CRUISE SPEED 



CRUISE EFFICIENCY - % 


LEGEND 

O 100A.F. 

A 140A.F. 

V 180A.F. 
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1 FLAG = .30 DES. C L 

2 FLAGS = .50 DES. C L 
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2500 3000 3500 4000 4500 


TOTAL STATIC THRUST 


Category I 


Diam. No. Bl. A.P. Noise Level Static Thrust Cruise T.O. 

PNdb Lb. Eff. % R.P.M. 

6.25 2 150 100 855 83 2600 

8 4 140 75 900 86 1060 

9 4 180 75 1350 86 1030 

Category I power - 225 HP © 2600 RPM @ T.O. 

| 169 HP © 2400 RPM @ CR. 

Cruise Speed = 130 Kts. 

Category II - Single Propeller 

2 150 106 1596 87.4 

4 90 75 1600 86.0 

4 170 75 2000 86.0 

4 170 75 2400 86.0 770 

Category II power = A00 HP @ 2600 @ T.O. 

I 300 HP @ 2400 © CR. 


Cruise Speed - 200 Kts. 



Category II i power - 350 HP/ENG. @ 2600 RPM @ T.O. 
I | 263 HP/ENG. @ 2400 RIM @ CR. 


Cruise Speed * 250 Kts. 













In the parametric analysis a change in propeller diameter which actually 
varies with the square root of the ratio of horsepower is used in order to 
maintain static thrust at the same value of pounds per horsepower. This is 
the correction factor for powers other than the power for which the propellers 
are selected in the preceding examples. A check revealed that the cruise 
efficiency would also tend to remain at t u e same value for this correction. 

Figure 5*2.20 gives the results for a 3 blade propeller in Category 1 which 
can be compared with the 4 blade propeller of Figure 5*2.15. In the 3-blade 
case, the diameters required are 10 ft. for 6 Ib/hp and 9 ft. for 4 lb/hp. 

Both of these values are 1 foot greater in diameter than for the equivalent 

4- bladed propeller. Since ground clearance and landing gear height are critical 
considerations, the 3-bladed propeller investigation was discontinued. The 
other categories are even more critical than Category I in this respect. 

The propeller RPMs required for the 75 PNdb noise level are plotted in Figure 
5*2.21, It can be seen that the allowable RPMs, in addition to being a func- 
tion of diameter and the number of propellers, also show a very marked effect 
due to horsepower. Twin propeller configurations have lower RPMs than a 
single propeller, as a result of a 3 db noise level increase due to 2 propellers. 
Very low RPMs and large diameters are required for acceptable values of static 
thrust and cruise efficiency. .As a result of the 75 PNdb requirement, the 
inordinately low propeller RPM requires a very high numerical gear ratio, 
particularly with turboshaft engine drive. In addition, the cruise conditions 
are very difficult to match with take-off conditions. This is especially 
true of the Category III aircraft which have a cruise speed of 250 knots. 

The Lockheed Missile and Space Company (LMSC) at Sunnyvale, California, was 
visited in order to obtain data on noise measurements from the Q-Star and 
the Y0-3A aircraft, both experimental 'quiet' aircraft developed by LMSC. 

Tests were being run on the Y0-3A, which has a 210 horsepower engine driving 
a 3-bladed constant speed propeller, which operates at a 63 to 65 PNdb noise 
level at 70 knots at 500 feet. The propeller is computed to have a noise 
level of 75 PNdb for the static case, based on the Hamilton Standard method. 

Two resonators and a glass pack muffler were used on the engine for noise 
suppression, reducing its noise level by approximately 50 PNdb. The Y0-3A in 
takeoff and in flight was very quiet when observed at distances of 100 to 500 
feet. The noise was never objectionable, and was similar to the sound of 
moderate traffic moving at speeds of 30 to 35 mph. 

5- 2.10 Engine Noise Control 

It has been demonstrated on numerous occasions that the exhaust noise level 
of piston engines can be reduced below that of the propeller. As previously 
stated, the use of resonators and fiberglass-insulated mufflers are effective 
means of achieving this end. 
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FIGURE 5.2.21 PROPELLER SPEED FOR 75 PNDi? NOISE LEVEL 
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The quieting of turbofan engines is another matter. Since it is not believed 
possible, without a break-through, to reduce the noise level of turbofans in 
the 2000 - 3000 lb. thrust category to 75 PNdb at 500 ft. , the turbofan- 
engined candidate in Category III was evaluated in the sensitivity study 
program. Figure 5»2.22 shows the effect of reducing the noise level of a 
typical small turbofan engine on weight and thrust loss. It appears that 
a reduction of about 8 PNdb from the noise level of a 2500 lb. thrust turbofan 
(about 95 PNdb) is about the practical limit, which would result in a level 
of 85 PNdb. These data were obtained from Pratt and Whitney of Canada. 

Actual noise measurements of 85 DB at 1520 ft. were obtained from an aircraft 
equipped with two 2200 lb. thrust turbofan engines. A 10 DB increment would 
be necessary in order to obtain a noise level at 500 ft. Thus, 95 DB would 
be the noise level at 500 feet, as compared to 97 DB at 500 feet from Figure 
5.2.22. It would seem that this engine has a lower noise level than was 
originally estimated but there is another possibility, and that is that some 
acoustic treatment was used on the nacelles. 
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5.2.11 Rotor Noise Control 


The rotor noise problem of helicopters and proprotors can be treated in a similar 
manner to that of propeller noise, although it is specialized to some degree. 
Reference 5.2.15 summarizes the results of Sikorsky's research in the prediction 
and control of rotor noise, which was partly funded by Army contracts. It re- 
sulted in an improved procedure for the prediction of main rotor vortex noise 
for a single rotor helicopter. Both the overall sound pressure level and the 
spectrum shape of the vortex noise from square-tipped blades can be calculated 
as a function of tip speed, blade area and thrust. It was found that the 
geometry of the blade tip can alter both levels and spectrum shape appreciably. 
Blades with twisted, trapezoidal tips, designed to provide elliptical aerodynamic 
loading at the tip, showed reductions from 2 to 10 db (with decreasing frequency) 
in low pitch and reductions up to 5 db in high pitch. Two computerized analyses 
were developed for rotational noise prediction, which demonstrated the importance 
of the higher harmonics of airload and the chordwise distribution of loading for 
accurate rotational noise prediction. Measured noise levels from the NH-3A 
hei Lcopter showed close agreement with calculations. Guidelines for the control 
of rotational noise include holding the Mach number of the advancing blade tip 
below 0.85, decreasing blade loading and avoiding blade- vortex interactions. A 
general objective is a rotor system that eliminates the higher harmonics of air- 
load, thereby reducing those of noise and reducing the acoustic annoyance and 
detectability characteristics of the helicopter. 

Another treatment of the helicopter noise problem is given in Ref. 5.2.16 and 
more applicable to the small helicopters of interest to this study. The noise 
characteristics are shown to be general functions of size and tip speed. Surveys 
of subjective judgments made at Los Angeles, London Airport and Famborough 
showed that perceived noise levels below 80 PNdb were of no concern. The per- 
ceived noise levels of conventional helicopters of 4,000 lbs. gross weight at 
250 ft. vary from 85 to 96 PNdb with turbine power and from 96 to 106 PNdb 
with piston engine power. The Bell 206 a at 250 ft. varies from 80 to 86 PNdb, 
close to the noise of automobiles at 50 ft. Its military counterpart, the 
OH-58A, with a gross weight of approximately 3000 lbs., was analyzed both in 
modified and redesigned versions for noise reduction. The modified version had 
swept tip main rotor blades operating at a tip speed of 600 fps and a 4-blade, 

double swept tip tail rotor operating at a tip speed of 530 fps. Sound 

absorbing materials were applied to the engine cowling and firewalls and 
absorptive silencers in the exhaust stacks. Hovering noise levels at 285 ft. 

were reduced by 6 to 9 PNdb and by as much as 13 PNdb in forward flight. The 

redesigned version had a double swept tip main rotor with 100$ increase in 
solidity and an increased diameter tail rotor. Both rotors operated at a tip 
speed of 530 fps. In this case, the power and gross weight of the helicopter 
were increased, and the same sound absorbing treatment was applied. The re- 
designed version was 2 to 3 PNdb quieter than the modified version under all 
conditions. Noise levels at 283 ft. averaged about 80.6 PNdb in hovering and 
about 80.0 PNdb in forward flight and would appear to meet or surpass the 75 
PNdb at 500 ft. requirement of this study. 
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5*3 Structure and Materials 


5.3*1 General 

The application of advanced materials, structural design, and manufacturing 
techniques to general aviation aircraft has been investigated by San Diego 
Aircraft Engineering, Inc. in a previous NASA study. The results are recorded 
in References 5*3*1 and 5*3*2 and include close attention to the element of 
cost. These references are used in this study, along with information from 
other sources to obtain data for the costing analysis in Section 7*3* Com- 
paratively little can be added to the San Diego study; however, some additional 
source material has been examined and is reported herein. 

5.3*2 Load Factors 

In general, based on the VGH recorder data of Reference 5*3*4* the general 
aviation operations for normal category aircraft are contained within the 
design flight envelope as established by FAR Part 25, Airworthiness Standards- 
Normal, Utility, and Acrobatic Category Airplanes. They will be used in 
evaluating the baseline designs, which will later be analyzed for the effect 
of higher load factors. 

5*3*3 Gust Alleviation 


The free-wing aircraft concept described in Reference 5*3*5 appears to be 
unsatisfactory. During the past 26 years of research and development, an air- 
craft of this type has never been successfully flown. The lateral handling quali- 
ties are unsatisfactory; longitudinal maneuvering characteristics may have 


to be augmented; and lateral control stability augmentation may have to be pro- 
vided, The free-wing aircraft concept requires too much development and too 
many complicated mechanisms to devise a satisfactory system. 

Other methods of gust alleviation bear investigation, since general aviation 
aircraft tend to have low wing loading and high aspect ratio, both of which 
result in high gust sensitivity, with resulting discomfort in rough air. While 
low wing loading is inherent, devices for reducing the effective aspect ratio 
(hence the lift curve slope) have been proposed. Aeroelastic design of the wing 
which causes the outer portion to reduce incidence as it deflects upward, and 
vice-versa, may hav«s promise, but would require detailed design investigation 
beyond the scope of this study. 

5.3»^ Structural Materials 

Over the last four decades, aluminum alloy has been the principal material used 
for aircraft structure, although general aviation lagged the rest of industry 
in its use by about ten years. Many believe that aluminum will continue to be 
the primary structural material for aircraft, based on two premises: First, 

the industry has the "know-how" and heavy investment in applicable machinery 
and tooling; second, the aluminum suppliers have been active in developing 
higher strength- to-weight ratio materials; they and others have pioneered new 
processes, including adhesive bonding, weld-bonding, automatic riveting and 
many others. 

Lately, however, the plastics revolution which has affected many other industries 
has been having serious effects on the aircraft industry. Fiber Reinforced 
Plastics (FRP) is a term encompassing the glass fibers now in fairly general 
use and the newer high strength/modulus fiber composites, such as boron/epoxy 
and graphite/epoxy. To quote the May 1970 issue of Materials Engineering: 

"All-glass reinforced plastics aircraft— on the boards for some time 
now — appear to be moving closer to actual production according to 
reports from PPG Industries. During the next five years industry 
sources estimate that the use of GRP in aircraft will leap from 
40-million to 140-million lbs. annually. North American Rockwell's 
Columbus Div. has successfully tested a glass reinforced plastic wing 
for a jet aircraft built to the specs of the Navy's T-2B jet trainer. 
Subjected to extensive structural tension and shear tests, the wing 
withstood forces much greater than it was designed for. . . In another 
development, Reinforced Plastics, Inc., an affiliate of Bellanca Air- 
craft Engineering, is building an aircraft entirely made of GRP. 

Objective is to produce an aircraft which, pound- for-pound, is 
stronger than aluminum, plus being more corrosion resistant and aero- 
dynamically cleaner. Bellanca is building an experimental single- 
and twin-engine GRP aircraft with retractable wheels with a 5-6 
seating capacity. Full production of four models is expected by late 
this year and 12 models may be finished by 1971... Windecker Research 
has just announced type certification of its Eagle I aircraft by the 
Federal Aviation Administration. This 4-place, low-wing, single- 
engine, retractable-wheel aircraft is made entirely of GRP. It 
features highly polished contours and curves with integral fairings." 

The San Diego study (References 5.3*1 and 5.3.2) dealt extensively with the use 
of FRP. Reference 5. 3* 7 applied fiberglass to the design of a conventional 
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low-wing aircraft, designed in accordance with Part 3 of PAR, using ultimate 
load factors of + 12g and -6g. Minimum weight analyses were performed on 
various panel configurations to assess the effect of orthotropic material 
tailoring on structural performance. Extensive use was made of sandwich con- 
struction. It was concluded that the use of large diameter S-glass fibers 
in an epoxy matrix shows considerable advantage, for compression applications, 
on a strength/density basis over currently available composite and metallic 
materials. The tensile strength, however, is about 67# that of filament wound, 
glass-epoxy composites. Another study, by Goodyear, is reported in Ref. 5*3*"'0 
in which fiberglass was applied extensively to the structure of a light armed 
reconnaissance airplane. Sections V and VT of the report deal extensively with 
the subjects of Construction Techniques and Structural Evaluation. 

The new generation of fibers which lend themselves to composite structure, 
particularly in a plastic matrix include boron, graphite and a newer, potentially 
lower cost synthetic. The Lockheed-Georgia Company, and many other aerospace 
organizations, have experimented extensively with boron and graphite from 
laboratory specimens to flightworthy components. The material cost factor 
weighs against the extensive use of these materials at the present time, 
especially boron. While graphite has a lower cost potential, the new synthetic 
material could eventually be competitive with fiberglass. 


A comparison between two of the most promising composite materials and three 
high strength/weight ratio metals is shown in the table below: 


Material 

Density 

Compressive Strength 

Ratio (X10”°) 

Synthetic/Epoxy 

(lbs/in^) 

0.050 

(psi) 

50,000 

1.00 

Graphite/Epoxy 

0.053 

20,000-90,000 

0.38 - 1.70 

7075-T6 Aluminum 

0.101 

73,000 

0.72 

2024-T6 Aluminum 

0.100 

47,000 

0.47 

Ti-6AL-4V Titanium 

0.160 

155,000 

0.97 

Figure 5*3*1 shows. 

graphically, 

a comparison between 

candidate structural 


materials for general aviation aircraft. The terms "specific tensile strength" 
and "specific modulus" are the physical values divided by their density. It 
is a plot of specific tensile strength against specific modulus of single fila- 
ments when the fibers are aligned in an epoxy matrix. Metals are shown for 
purpose of comparison. Composite reinforced metals (compound composites) have 
shown significant improvements in highly loaded, fatigue and fracture critical 
structure. Selected structural components have been evaluated using the 
following composite reinforced metals: Graphite-Titanium, Graphite-Aluminum, 

Boron-Titanium, and Boron-Aluminum. 

5.3.5 Application of Composite Material to Aircraft Structure 

Much attention is being given to the application of composite materials for 
use in primary aircraft structure because of potential weight and cost savings. 
Most of the major airframe contractors are currently undertaking, under Air 
Force sponsorship, the design and construction of components fabricated from 
a variety of composites. Historically, the first components to be service 
tested were non-structural or parts of secondary structure, such as wing tips, 
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landing gear doors, etc. With experience, sufficient confidence was gained to 
proceed with fabrication of primary structural components. At the present time, 
Grumman Aircraft is proceeding with design of advanced composite wing structures 
and has a boron horizontal tail in production for the Pl4. McDonnell-Douglas 
has a limited number of boron rudders for P4 aircraft in production. General 
Dynamic s/Port Worth has an P-111 boron horizontal tail now undergoing flight 
testing. Northrop has several components on the F5 aircraft constructed from 
graphite filament composites. 

In general, experimental programs presently underway are for components of 
fighter and cargo aircraft, anv* thus the interest in boron or graphite filament 
composite construction. Experierce gained during these programs will be valu- 
able to general aviation manufacturers, but it is believed, because of 
differences in aircraft size and operating requirements, general aviation will 
approach the problem from a different viewpoint, and perhaps develop somewhat 
different techniques, compared to those used by the designers of military air- 
craft. It may develop that the major benefits to general aviation may be in 
terns of lower labor costs rather than higher si : ingth/we ight ratios. For 
example, wing loadings of fighter aircraft usually are in the region of 100 psf 
or higher, whereas values of 15-30 are more common for general aviation aircraft. 
Since load factors are lower in general aviation aircraft, the use of high 
strength composite materials for the wings may not be required simply to meet 
strength requirements for normal and utility category aircraft. Composites of 
minimum thickness may, however, result in structure with the ability to sustain 
higher load factors, and still be lighter than corresponding thicknesses of 
aluminum. For example, 3 plies of synthetic/epoxy would have a thickness of 
about .020 inches, be 50# lighter than .020 aluminum, and yet have 140# more 
tensile strength. 

An example of the design simplification which can be achieved by bonded con- 
struction is shown graphically by the photographs in Figure 5.3.2. A one-half 
size window panel for the Lockheed JetStar was fabricated of graphite/epoxy 
composites in a single stage layup and cure by the Lockheed-Georgia Company. 

The study, conducted to determine the feasibility by manufacturing a relatively 
complex structural area, resulted in a very rigid panel of excellent quality. 

The design required a minimum of fabrication and assembly time. A total of 68 
design and supervisory man-hours, plus 78 man-hours to make the tooling and the 
part, was required. The following conclusions were drawn from the investigation: 

o Low cost, lightweight tooling is suitable for the one-stage, integrally 
bonded structure. 

o The one-stage, integrally bonded structure produces a high strength, 
high modulus and lightweight structure with dimensional and contour 
stability. 

o The time required for producing this relatively complex panel was 7 
man-hours per square foot. A structure representative of less complex 
areas of the fuselage would have required less time. 

o The assembly can be laid up to final dimensions, which reduces machining 
requirements . 

Experience accumulated on the C-5 boron slat now being flight tested would 
permit simplification of the design if it were to be done over again. This 
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illustrates the well known fact that, much as we may like to predict technology 
advances arbitrarily, the truth is that these advances are the result of an 
accumulation of knowledge based on experience. 

In References 5.3.1 and 5.3*2, considerable thought was given to manufacturing 
techniques for the use of composite construction which could result in signif- 
icant cost reductions. The use of compression molded, high modulus, graphite- 
reinforced plastic components for wing primary structure, glass-reinforced 
plastic moldings for fuselage components, and injection moldings where appro- 
priate, all appear to reflect a reasonable projection of the state-of-the-art. 
Near-term wing design for fiber reinforced composite construction would probably 
plan on fabricating the major components separately, as illustrated in Figure 
5.3.3. The spars would be compression molded, using undirectional fibers in 
the caps, and optimum fiber orientation for the spare webs. Web stiffeners 
would be molded in as required. Ribs could be injection molded to result in 
precise wing contour control. Due to high strength and rigidity of the spars, 
the skins would not be used for primary wing bending strength. Chordwise 
stiffeners would be molded integrally inside the skins to maintain contour. 

As experience is gained, and again depending upon economic considerations, 
fabrication of spars and ribs as a unit, shown in Figure 5.3.4, could result 
in a marked reduction of assembly time. 

Mich has been envisioned of "one-piece molded airplanes," but there are, of 
course, practical limits to how far one can go in this direction. A highly 
significant factor which must be considered in high volume production is 
specialization of labor. A major factor in the production rates achieved by 
automobile manufacturers is high speed production of many components in widely 
scattered locations. The use of highly skilled labor is held to a minimum and 
production rates are not limited by problems of assembly sequence which would be 
present with unitary construction. The degree to which smaller parts will be 
fabricated and molded together in larger assemblies will be determined by the 
economics of specific situations, and will depend to a large degree on the 
amount of experience a given manufacturer has gained. It is believed that the 
trend will be towards more unitary construction, but the rate at which progress 
is made towards this goal depends on experience. 

Reference 5* 3*11 describes Bede's application of molded, hollow fiberglass ribs, 

assembled to a single tubular spar (which serves as fuel tanks) and 

bonded with epoxy. They form part of a kit for home-building the BD-4 airplane. 

It is not within the scope of this study to develop the detail design of general 
aviation aircraft structure fabricated from advanced materials. However, based 
on the promise shown to date, it is apparent that the funding of such a program 
by an agency of the government would be of great benefit to the general aviation 
industry. 

The application of composites to helicopter systems is reported in Reference 
5.3.12. Quoting from Section 11.1.1 of that documents 

"The rotor blade is critical for both fatigue strength and deflection. 
Therefore, materials with high specific fatigue strength and high 
specific modulus of elasticity offer great advantage. Rotor blade 
design includes natural frequency tuning. Tuning is necessary to 
avoid resonant response which occurs if the structural natural 
frequency is near the system exciting frequencies. Composite 
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FIGURE 5.3.3 NEAR-TERM COMPOSITE WING DESIGN 
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FIGURE 5.3.4 INTEGRALLY MOULDED SPAR-RIB CONSTRUCTION 



materials offer the advantage of permitting blade natural frequency 
tuning without any penalty in weight. A wide stiffness range, and 
therefore a wide frequency range, is afforded by composites through 
variations in fiber orientation. 

"A detailed application analysis and cost-effectiveness study was 
conducted by the Boeing Company, Vertol Division, under Contract 
AF33(6l5)-5275. This study pertains to the use of boron composites 
for the U.S. Army CH-47 helicopter. The results are summarized here 
to show the potential payoff for the use of advanced composites in 
a typical medium transport helicopter. The application analysis 
indicated that significant weight savings could be realized from the 
use of boron composites for the CH-47 dynamic components. The 
results are as follows: 



Basic 

Boron 

Composite 

Percent 


Weight 

Weight 

Savings 

Rotor hub and rotor controls 

410 

360 

12.2 

Transmissions 

432 

525 

24.8 

Drive shafting 

138 

66 

52.2 


The weight reduction factors, adapted for the sensitivity studies dealing with 
the effect of advanced materials are listed in Section 7 .2.. 

5.3.6 Production Design Techniques 

The production design of general aviation aircraft available in today’s market 
follows along conventional lines, using materials and processes similar to those 
of military and commercial transport aircraft, but with primary emphasis on 
simplicity and low cost. Since a great many models are being offered to the 
public, and the production volume is low in comparison to that of the automotive 
industry, relative cost per pound is widely different. 

Some attempts have been made in the past to reach high production volume by 
heavy initial investment in low cost techniques and tooling. One notable case 
is that of the Republic "Seabee," a post-World War II, 4-place amphibian. Its 
production design details are described in Reference 5.5*9. Aluminum alloy was 
used extensively and accent was placed on designing for the minimum number of 
component parts. This trend was especially evident in the design of the wing 
and tail panels, which employed spars covered by one-piece beaded skin, with 
ribs places only at the end locations. In comparison to conventional con- 
struction, this technique resulted in about a 75 percent reduction in the number 
of parts and 80 to 95 percent reduction in man-hours. Although the hull 
structure was relatively complicated in comparison to a landplane fuselage, 
similar percent reductions were made with reference to a conventional hull. 
Despite these efforts, the Seabee was the victim of a temporary collapse in 
the general aviation market and never achieved its anticipated high production 
status. 

The application of advanced composites such as boron and graphite to general 
aviation aircraft in the time span under consideration must assume material 


development and attendant cost reductions comparable with those of materials, 
such as aluminum, that have successfully cycled through the exotic -to- expens i ve- 
to-everyday applications. Indeed, new materials in the composites field are 
already being developed that will challenge the exotic materials of the early 
1970’s. 

Throughout the development of these raw materials, new material forms and 
advanced manufacturing methods are being developed. It is these new material 
forms and manufacturing methods that will reduce the manufacturing cost of 
aircraft in the 1980’ s regardless of the specific materials used. 

Some of these methods or forms require a reorientation of thinking, since 
they change undesirable characteristics into the desirable with a given 
material or process. An example of this is injection moulding. With the 
advent of short fiber-reinforced injection moulded parts, this process changed 
from one suitable for the fabrication of non- structural parts, such as knobs 
and small accessories, to one for the fabrication of structural members, such 
as doors, fittings and frames or any other parts economically justifiable. 

Parts have already been successfully moulded using short-fiber fiberglas and 
graphite in nylon matrices. Significant strength improvements are realized 
and material characteristics stabilized. Polyester and epoxy systems suitable 
for injection moulding are already under development. 

Traditionally, paper has not been thought of as a structural material. In 
1970, Lockheed developed the initial capability of fabricating paper from 
short graphite fibers. The product can be used with thermosetting or thermo- 
curing resin systems to afford a wide range of structural shapes in thin 
sections fabricated by an economical process. The use of such a product form 
affords a wide range of potential in aircraft manufacture. As an example, 
it affords the opportunity to mould small aircraft in the half shell. 

The chopped fiber spray systems, often used in tool fabrication, can be much 
more closely controlled by automation of the system, giving precise controls 
over fiber and resin content and buildup. This improvement will afford 
economical means of fabrication suitable for airframe construction. 

More traditional construction methods are also being combined to give improved 
and economical manufacturing methods. One of these is "Weldbonding, " or 
spotwelding through an adhesive system. Weldbonding is a relatively new 
metal-to-metal joining technique which utilizes spotwelding in conjunction with 
adhesive bonding. The spotweld is accomplished through tha uncured bondline, 
thus obviating the necessity for the costly curing cycles usually associated 
with bonding and autoclaving. 

The weldbonding system is an economical joining technique and lends itself 
to automation for long production runs. It affords advantages in high 
vibration areas. No holes are created for joining, and it is suitable for 
joining minimal gages of metal. It is ideally suited for fabricating wing 
skins 1 control surfaces, and the attachment of doublers to skins or webs. 
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5.4 Avionics and Instrumentation 


5.4.1 General Technology Review 

The ultimate emergence of general aviation as a principal mode of transportation 
depends to a major extent, on the development of guidance in the airspace. 

Flying without adequate guidance is equivalent to driving on unmarked highways. 

Looking into the future is an uncertain occupation. What will general aviation 
operations look like in 1985? In starting on this road, one has no choice but 
to start from where we are today, move forward in the present direction, look 
for forks in the road ahead, and be alert to the entrance of new technology 
along the way. By 1985 it will be readily possible to carry out complete auto- 
matic flight from take-off to landing, in three dimensions, and to a preplanned 
flight schedule. This will be accomplished through an on-board dead-reckoning 
computer updated by present position inputs from navigation sensors. The most 
probable nav-aid will be an improved VOR/DME system with barometric altitude 
providing the Jrd dimension. Control to a pre-planned flight schedule - part 
of the flight plan - is a fourth dimension of time, and will control ground 
speed through thrust variations so that the flight plan will be made good to the 
required tolerances. Final approach and landing guidance will be obtained from 
a microwave landing system now under current development. 

During flight, progress will be shown on solid-state displays that provide TV- 
like presentations of aircraft attitude and flight parameters and a navigation 
display showing progress along the chosen route in three dimensions. A cali- 
brated slow/fast display will show time progress. In the fully automatic mode, 
automatic mode switching will be accomplished, although one may revert to 
manual flight control and direct use of the navigation/instrumentation systems. 
While VOR/DME is considered the most probable source of position fixing, it 
is recognized that a satellite system may come into being that will provide the 
required accuracy. Also, the Omega system will be operational during this 
time-period, and, with development of proper airborne hardware, could provide 
the necessary navigation fixing. 

The flight operation just described will be performed by many aircraft in 
common airspace. It is the function of the air traffic control system to 
assure that these aircraft are safely separated. The normal procedure is for 
each aircraft operator to file a flight plan that is accepted or modified as 
necessary to resolve conflicts. The probable means for tracking all aircraft 
will be an improved ATC radar beacon system that will provide both altitude 
reporting and individual aircraft identification. A communications link 
between the aircraft and the ATC system is necessary to complete the control 
function. The ATC system of 1985 will be highly automated. It will maintain 
automatic track of all aircraft under control and probably conduct conflict 
predictions and provide flight path changes to resolve the conflicts. Under 
these conditions, a data link can inject flight path changes directly and 
automatically into the aircraft guidance system. If the ATC system of 1985 
does not include automatic conflict resolution, this function will be accom- 
plished by human intervention over voice communications channels. In any 
case, voice communications will continue to be available as a back-up mode. 

What has been described is the full IFR mode of operation. General aviation 
aircraft will continue to operate VFR in "mixed" airspace where some aircraft 
are operating under instrument flight rules. Because of the hazards evident 



even today, a concept of intermittent positive control (IPC) has been proposed 
by the Department of Transportation Air Traffic Control Advisory Committee 
(Reference 5 M.l) This concept allows VFR flight with free movement of aircraft, 
but with all aircraft being automatically tracked, threats determined, and • 
commands being given to the aircraft via a data link to resolve the conflict. 

The mechanism to accomplish this is an expanded capability ATC beacon system 
that includes 5- dimensional tracking, individual aircraft identity, and a data 
link providing individual aircraft addressing. 

5. 4. 1.1 The National Airspace System - Introduction - The National Airspace 
System (NAS) is the assembly of equipment, installations, people, procedures, 
and regulations that make up a system to control the movement of all aircraft 
flying under instrument flight rules (IFR) in the U.S.A. The NAS also provides 
some services to aircraft operating under visual flight rules (VFR). The 
system is developed, installed, and operated by the Federal Aviation Admin- 
istration (FAA) • (Reference 5*4*5) All users of the airspace - airlines, 
general aviation, military - make use of the NAS as their needs dictate. The 
cost of the system operated by the FAA has been borne by the Federal Government, 
and the cost of the airborne part of the system has been and will continue to 
be borne by the user. Recently the Congress enacted legislation that will 
impose user charges on the airlines and general aviation to cover the approximate 
costs of the ground portion of Idle system chargeable to these segments of 
aviation. The users have always had a strong voice in determining the nature 
of the NAS. Now that the airline and general aviation interests are paying 
additional amounts, they will demand an even stronger voice. 

The NAS has been beset by many troubles during the last decade. Governmental 
expenditures for airways facilities were decreasing each year through the 
I960’ s, while the air traffic was increasing. The crunch first became readily 
visible in 1968 and has been intensifying ever since. There is no visible way 
for the situation to get better for a couple of years. The immediate push is 
to train more controllers and the FAA is doing this. Unfortunately, it takes 
considerable time to train a controller to full journeyman status. The real 
"solution" to the problem is, of course, to develop and expand the system to 
the point where the volume of traffic can be handled with delays that are 
acceptable, and at the same time up-grading the level of safety of the system. 
This process is under way, but it will be some time before the effects are 
fully felt in the field. A thorough review of the situation is contained in 
the Twenty-Ninth Report by the Committee on Government Operations, 91st 
Congress, 2nd Session. (Reference 5*4*44) • 


Planning activity under way includes the recently enacted Airways and Airports 
Modernization Act, which opens the door to a major improvement in the NAS by 
making funds available, on a stable basis, for research and development, and 
for implementation of facilities and equipment. This will allow the plans that 
have been and are being made to be implemented. The FAA established their 
Annual National Aviation System Planning Review Conference beginning in April 
1969 and continuing in April 1970. The material covered by these conferences 
is contained in National Aviation System Plan documents published in January 
1969 and March 1970. (References 5*4*5 and 5*4*6. )ln addition, the Department 
of Transportation established its Air Traffic Control Advisory Committee in 
the summer of 1968. The committee's report was published in December 1969* 
(Reference 5*4*7) While parts of this report remain controversial* never- 
theless, it is a milestone report and is the best guide available to the 
probable course of development and implementation for the NAS. 
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Pr obable Course of Development - The NAS will continue with programs presently 
under way, since they are generally proceeding along necessary lines i con- 
tinued automation of the data handling in the ATC centers j continued improve- 
ment in nav-aids and implementation of area navigation) continued implementation 
of altitude reporting - air and ground. On a longer term basis more innovative 
changes will take place as they evolve from present and future planning and 
development. Satellite systems are being increasingly viewed as candidates 
for surveillance, communication, and/or navigation. 

New Airspace Concents - A new concept that is especially significant 
to General Aviation is recommended by the D.O.T. Air Traffic Control 
Committee. This is the concept of Intermittent Positive Control (IPC). 

IPC is applied to VFR airspace and requires a data acquisition system 
that provides the ATC Center with identity, position and altitude informa- 
tion on all aircraft in the designated airspace, and the ATC computer, 
through a data link, automatically advises aircraft of threats. The 
DOTATC Committee recommends expanding the capability of the ATCRBS 
to include the data link and identity functions. This is an evolutionary 
change to the present system to provide a major airline aircraft normally 
fly under an IFR clearance and general aviation aircraft commonly fly VFR. 

Navigation - VORTAC is the U.S. and ICAO standard short range Nav-aid. 

There is good reason to believe it will retain this status for decades. 

Its Implementation continues to be expanded in the U.S. and abroad. A 
major improvement in its capability has been initiated by the recent intro- 
duction of area navigation to the NAS. R-NAV will be increasingly used 
by general aviation. Some single engine and many light twins will use 
the simpler, course-line computer types. High performance general aviation 
jets may be as well equipped as medium size airline jets. The VOR portion 
of VORTAC is being improved in accuracy both in the ground as well as the 
airborne elements of the system. (Reference 5*4*23) • This will allow 
increasing precision of navigation in the decade ahead. 

Satellites have considerable potential for navigation, but will likely be 
put to use first serving airline type operation on over-ocean routes. 
Eventually, satellite systems may have application to the domestic air 
traffic control system. 

The Department of Transportation has recently (May 1970) released its 
NATIONAL PLAN FOR NAVIGATION (Reference 5.4. 43 ) * It covers the areas of 
responsibility of the Federal Aviation Administration and the U. S. Coast 
Guard. It presents a plan for the operation, development and implementation 
of existing and possible future navigation systems for civil aviation and 
maritime requirements. 
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ATC - The air traffic control function will demand an Increasing imple- 
mentation of the altitude reporting feature in the airborne ATC transponder 
Future development will cause the ATCRBS to be modified to accomplish the 
Intermittent Positive Control concept if that concept is adopted. The 
major ATC changes will be Increased automation in the ground environment 
ai^ed at the continued reduction in routine data handling by air traffic 
control personnel. The introduction of data link will contribute to auto- 
mation by transferring the routine type voice communications to the data 
link. Segregation of airspace based on aircraft capabilities will continue 
to be a part of the NAS. The high performance general aviation aircraft 
will be well equipped and will fly without inhibition in the system. Air- 
craft of lesser performance will be the major problem area due to economic 
as well as weight and space limitations. 

Communication - VHF voice communications will continue in use indefinitely 
The need for more channels will oause 50 khz and then 25 khz channel spaced 
equipment to be generally available to general aviation aircraft. Satel- 
lite communications across the oceans will be introduced and will be used 
occasionally by general aviation aircraft. A data link will be introduced 
and will provide ATC communications for use in IFR airspace. Its instal- 
lation will likely be mandatory in some airspace eventually. However, 
smaller General Aviation aircraft will always have access to some cate- 
gories of airspace using voice communication only. Solid state equipment 
will continue to be used, with evolutionary improvements in reliability 
and some size reduction will occur. 
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5 . 4 . 1.2 General Aviation's Status 

The world of General Aviation is a highly diversified one from an 
avionics standpoint. There are a few large high performance trans- 
port category aircraft operating as general aviation aircraft that 
are avionics-wise equal to equivalent airline aircraft. Their 
avionics is air line- type and is of little concern here. General 
aviation ranges on down through the spectrum to small single engine 
aircraft with little to no avionics. The center of the problem area 
is with the larger single engine and the smaller twin engine aircraft, in 
which operators desire to fly in congested areas and at times on 
instruments. Here economics is the direct or secondary controlling 
factor. The cost of a complete avionics installation suitable for 
reliable IFR operation repre$ents a considerable dollar cost as well 
as consuming valuable weight and space in the airframe. Avionics man- 
ufacturers supplying the general aviation market exhibit a diversity of - 
equipment to select from. The higher priced lines are generally quali- 
fied to FAA Technical Standard Orders (Reference 5 *4 *24) and are satis- 
factory for IFR operations. A leaser quality and lower priced line 
of equipment is available from several manufacturers. Its major usage 
is in single engine aircraft. Equipment price is a very sensitive 
parameter in general aviation avionics. Factors that increase per- 
formance and reliability yet hold the line on cost and weight are much 
to be sought after. 



What is meant here is configuring the airplane so that it matches 
the characteristics and needs of the man in the pertinent flight 
regimes. Aspects of integration include layout of instruments and 
controls, selection of oontrol modes, simplification of control acti- 
vities, and integrated presentation of information. For the latter 
purpose, the cathode ray tube (CRT) shows considerable promise. 

Attitude related data, now presented on the attitude director indi- 
cator (ADI), can be presented on a CRT with great flexibility of 
arrangement. This flexibility of arrangement can be a curse, sinoe 
it tends to inhibit standardization. This, in turn, is not conducive 
to safety but will be confusing to pilots who are called on to fly 
different arrangements. Horizontal situation-related data can also 
be presented on a CRT. How that vertical guidance is about to become 
a functional part of area navigation, a new problem is presented: 
how is vertical navigation guidance best presented? One problem 
that is present with the CRT is that brought about by the extreme range 
of illumination that must be dealt with from black of night to 
full sunlight at high altitude. 


5 . 4 . 1.4 Conceptual Design Sensitivity Factors 

• Automation va. Manual Operation - The incentive for automation 
comas from the increasing complexity of operating more advanoed 
airplanes and the more involved operations in the air traffic 
control system. A classic example of automation ia the autopilot. 
Stability augmentation systems (SAS) will play an increasing role 



in the future. Other possibilities for simplifying the pilot's 
tesk would be providing a speed control that programs lift devices 
and power settings r or maneuvering controls similarly related to- 
these devioes. 

Area navigation is opening up a new arena for the increasing use 
of automation. The simplest computer that is practical is probably 
the one that accepts way point data on two waypoints - the one in 
use and the one coming up next. This is feasible, but it requires 
the pilot to set up a new waypoint every time he passes one. There 
are operational situations, such as entering a terminal area, where 
this could be burdensome. The airlines, in their Hark I R-NAV sys- 
tem (Reference 5*4«15)t have specified that a storage capability 
of at least six waypoints be provided. Their Mark II system (refer- 
ence 3*4.16) is capable of storing hundreds of waypoints as vail 
as data on hundreds of VORTAC facilities. One arrangement that 
has been proposed for the Hark I R-NAV would use a plastic card 
with a magnetic oxide surface on which waypoint data is recorded 
before takeoff. The card is inserted in a slot in the R-NAV con- 
trol panel and read into storage by pressing a button. 

Single pilot airoraft flown on IFR represent a difficult design 
problem since one man must manage everything including two engines 
in the case of light twins. The single engine aircraft, in a 
slightly different sense, is also a severe design problem because 
this aircraft can least afford the cost and weight of automation 
aids. 

Redundancy - Redundancy in general aviation aircraft has been used 
for a long time - two engines, dual VHF navigation snd communication, 
etc. More sophisticated forms of redundancy are used in airline 
and military aircraft where continuity of service is demanded for 
safety or mission performance reasons. Dual redundancy is used 
where a fail-safe situation is acceptable. Here, a failure in one 
of the channels is detected by a parallel monitoring channel and 
the fault annunciated or the system disconnected. A dual system is 
acceptable where its loss permits continued operation even though 
with less efficiency or convenience. Triple redundancy is used 
where a fail-operational capability is needed. Three parallel 
channels, suitably monitored, can detect a faulty channel, and 
annunciate and isolate it. This leaves dual channels still avail- 
able and now operating in a fail-safe mode. The flight crew would, 
of course, be alerted and since triply redundant systems are installed 
only for very critical systems, the first failure would be a signal 
for some change in flight plan. For example; if the system is 
required for continued safe flight, a landing at the next available 
airport might be the action. The above concepts will, undoubtedly, 
see increasing application in general aviation aircraft; ... 

It is worth pointing out that there are situations where dual systems 
art fail operational. This occurs where an independent means exists 
to deteot whioh of the dual systems failed. This may be true in the 
examples given st the beginning of this section. Another example 
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would be a two-engine, two-generator airplane where the failure 
of a single generator could very well allow the airplane to con> 
tinue in a normal operational manner, but with a reduced level 
of safety. 

Integration of Systems - This subject means different things to 
different people. There are two meanings that can be attached 
that are useful here. 

• Integration in a technical sense 


• Integration in a human factors sense. 

In regard to technical or engineering integration, there is a 
major controversy underway on the national level. It is Universal 
Integrated Comm/Nav/ldent (UCNl) (Reference 5.4.18) vs. the Super 
Beacon System (Reference 5,4.7) vs. satellites for domestic ATC 
(Reference 5, 4. 17). The contest is going on in the D . 0 . T . /FAA/NASA 
Washington, D.C. arena with D.O.D., the airlines, general aviation, 
and the avionics industry all involved in accordance with their 
individual interests. It is important that the controversy be 
resolved as soon as possible so that NAS development and implemen- 
tation can proceed. Closely related to this system integration 
subject, but still to a degree independent of it is the concept of 
integrating many aircraft functions into a central general-purpose 
computer. The advent of small, versatile airborne digital computers 
based on solid state microminiaturization techniques has made this 
readily possible. Further developments in such computers will make 
this sort of thing even more attractive for the future. The question 
is not whether digital computers will be used, but how they will be 
used. The operational application of the aircraft is a major factor 
in determining the degree of integration. E.g., a single engine 
air- superiority fighter might logically use a substantial amount of 
integration. A multi-engine airline aircraft, due to safety and 
economic constraints related to dispa tchability, is not a good candi- 
date for centralized digital computer integration. Some background 
material on this subject is contained in References 5-4.19 » 5*4*20, and 
5. 4. 21. The safety constraints that require independence of system 
function in transport category aircraft generally apply to general 
aviation aircraft. A broad rule is that a failure in one essential 
system should not cause loss of function in another essential system. 


Human factors integration refers to the interface between pilot 
and the aircraft. This can, to a considerable degree, be independent 
of the technical level of integration - in fact it is important 
that this be so. Presentation of information and actuation of 
controls should be standardized in the interests of pilot proficiency 
and from a piloting standpoint, technical integration practices are 
of secondary importance. 
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Two main Instruments that are used in modern aircraft are the atti- 
tude director indicator (ADI) occupying the top position directly 
in front of the pilot, and the horizontal situation indicator (HSI) 
just below the ADI. Up to the present these instruments have been 
electromechanical in nature, but much effort is being directed 
towards cathode ray lobe (CRT) replacements for both instruments. 

The electronic ADI (EADI) is already in flight test status. It 
will probably see operational use in the next year or so in an 
airline aircraft or a multi-engine general aviation aircraft. 

The electronic HSI (EHSI) is taking a somewhat different develop- 
ment route. The airlines, and the avionics manufacturers supporting 
them, are developing map displays to be an optional attachment to 
an area navigation system. The purpose of the map display is for 
pilot orientation and will be useful mainly in the terminal area. 

They are being developed as moving chart, optical projection, and 
CRT types, initial implementation will see a single installation 
with the conventional HSI remaining. The next step could well be 
to replace this HSI with an EHSI and eliminate the map display 
orientation aid. 

A further step could be to make the EADI and EHSI identical electri- 
cally and mechanically so that they were physically interchangeable. 
This would reduce spares requirements. The aircraft installation 
design could be made so that in case of failure, the basic functions 
of the failed instrument could be switched into the still functioning 
one. This approach has both economic and operational benefits. 

Standardization - Standardization has much to offer in two areas: 
operational and technical 

00 Operational - What is meant here is, basically, cockpit standard- 
ization. This is a broad subject and should not be approached 
from the avionic/instrumentation viewpoint. The SAE has had 
committee work in this field for many years. Committee S-7 
has directed its efforts to transport category aircraft. The 
more recently established Committee A-23: "Cockpit/Cabin 

Standardization - Oeneral Aviation Aircraft" is also active. 

Its work should be encouraged. 

00 Technical - The airline industry through Idle medium of the Aero- 
nautical Radio, Inc. (ARINC) airlines Electronic Engineering 
Committee (AEEC) has had an effective mechanism for the standard- 
ization of avionics for many years. The Radio Technical Commis- 
sion for Aeronautics (RTCA) has carried on a coordinating 
activity in aeronautical electronics with its beginnings before 
World War II. See Reference 3*4*22 for further information. 

A standardisation aetivity for general aviation similar to the 
ARINC AEEC work could have considerable econcmio benefits* The 
situation is somewhat different in general aviation in that the 
interests that would have to get together are fragmented and are 
of more diversified viewpoint* It appears that it would at least 
be worth exploring the possibilities through tho medium of RTCA. 


5.^. 1.5 Application of Advanced Techniques 

I 

0 LSI - Large scale integration (LSI) refers to the state of 
development that solid state electronics has reached at the 
present time, This is a complex and rapidly moving business. 

It had its beginning in the invention of the transistor two 
decades ago. It has developed a tremendous mementum, and it 
is probably rather futile to try to be very specific about how 
things will be 15 years from now. 

Present trends clearly indicate that small (a few pounds) , 
versatile digital computers will see increasing application. 

Some of them will be general purpose and others will be a fixed 
program type depending on application. Reliability must increase 
at a rate greater than complexity does or all is in vain - and 
there must be a decreasing cost trend. 

• Digital vs. Analog Techniques - The industry is in the midst of 
a change over to digital techniques for computation, data trans- 
fer, and display. Such things as digital air data computers and 
inertial navigation computers are seeing service in transport 
category aircraft, some of which are in general aviation aircraft. 
These devices will filter down into the smaller aircraft as cost 
and weight are reduced. Digital autopilots are definitely on 
their way. Even though digital techniques are here to stay and 
their use will expand, analog devices of an integrated, solid 
state nature are also developing and will continue to do so. 
Operational amplifiers, intermediate frequency amplifiers, and 
major segments of television receivers are now built on a chip. 

It should not be forgotten that nature is basically analog - 
temperatures and pressures along with aircraft control surfaces 
vary in a smooth and continuous manner. 

5. 4.1.6 Safety 


The subject of general aviation safety is addressed in Section 5*3. 
This subsection applies only to that which is governed by avionic 
systems. 

Redundancy is widely used in avionics system design. It can be 
applied in a number of ways. Operational redundancy is illustrated 
by an airplane with a single navigation system, a single communication 
system, and a single ATC radar beacon transponder. The failure of 
any one of these systems is compensated for by the 


72 

, 'itifftWif-' 'I '.-V: 


others together with the necessary- procedural changes* If the navigation 
system fails, the pilot can be directed by radar vectors from the ATC control- 
lers* If the communication system fails, the pilot is required by regulation 
to hold to his flight plan as it existed at the time of failure and ATC main- 
tains clear airspace on this basis* If the ATCRBS transponder fails, the 
aircraft may be tracked by primary radar with a pilot report providing altitude, 
or the pilot may provide his complete position from his navigation system and 
instruments* 

Dual systems may provide a fail-safe or a fail-operational capability depending 
on circumstances. A dual -channel monitored autopilot is fail-safe during a 
Category II landing where a single failure would normally cause an annunciated 
disconnect* In cruise mode, time, altitude and procedures may allow isolation 
of a single fault so that automatic single channel flight may continue, thus 
giving a fas 1 -operational capability from a dual channel system. A dual, 
independent radio communication system is normally fail-operational since a 
single failure in either system is readily detectable* 

A good discussion of the proper uses of redundancy for safety is given by N. 
Braverman of the FAA in Reference 5 *4*1 9* 

Self -Test - A self -test system is an integral part of a particular system or 
equipment which may be used to determine functional performance of that system 
or equipment* Self -test may be in two forms) 

Pilot’s Self -Test - A self -test system for use on the ground or in flight 
by the flight crew* 

Maintenance Self -Test - A self -test system for use on the ground by main- 
tenance personnel for routine check-out or trouble shooting. This may be 
the pilot's self -test, or it may be a system testing the removable units 
of the system individually* 


Inte g rity Monitoring - This is the function and circuitry within an equipment 
which is intended to provide a continuous check on the performance of the equip- 
ment and which warns when unsatisfactory performance occurs. 


ARINC characteristic 578, the latest airline ILS receiver specification 
(Reference 5*4*59) » provides an example of the most advanced state-of-the-art 
integrity monitoring* It defines a receiver suitable for future Category III 
all-weather landing systems* The monitor integrity requirements, quoted below, 
are the most stringent known and are considered neoessary for this critical 
landing use*. 


3*5*5 Monitor Integrity 

Both localizer and glide slope monitors should be designed such that the cal- 
culated Mean Time Between Undetected Failures (MTBUF) of the guidance channel 
AFCS deviation outputs and the associated monitors of the ILS receiver is not 
less than 10° hours, the equipment designer's goal being the full monitoring 
of the guidance channels* The MTBUF calculation should be the result of a 
failure mode and effect analysis which includes: 
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(a) Passive and active components open and short and/or 

(b) Most probable changes of component values and characteristics which would 
result in the receiver exceeding its specified performance -limits. " 

Detailed requirements and recommendations for other avionic systems are con- 
tained in ARINC Report No. 415-3 on the subject of failure warning and functional 
test . (Reference 5.4.40) • 

5. 4. 1.7 Reliability 

A minimum level of reliability is a necessity) and, of course, 100$ reliability 
is the desired goal. It is now kiiown how to design to a specified reliability 
requirement and how to demonstrate . hievement of it by testing programs. 

(Reference 5*41 )« It is an expensive process, however, and is not, and probably 
cannot, be applied to general aviation avionics. The general aviation industry 
is highly competitive. Cost of equipment is important. At the same time the 
user demands satisfactory performance from the avionics he purchases. Most 
manufacturers are conscientiously striving to produce quality equipment within 
the price range they have chosen to compete in. The manufacturers of the higher 
priced lines of equipment usually secure FAA Technical Standard Order approval. 
Those who serve the lower priced segment of the market generally do not. There 
has been a desire on the part of the regulatory authorities to change the 
regulations to require approved avionics in general aviation aircraft for many 
years. There is little doubt that this would improve the quality and reliability 
of avionics, but whether the improvement is worth the cost has been u debated point 
for a long time. Action and plans are under way to produce a more satisfactory 
situation. The RTCA, through its Special Committee 116, is preparing Minimum 
Operational Requirements (MOC) for avionic systems. MOC's have been issued 
by RTCA for five avionic systems (Reference 5 .4*45) • Two these MOC's have 
been referenced in FAA Advisory Circulars (Reference 5.4*46) as one means of 
demonstrating compliance with the referenced requirements. The FAR's at present 
do not require compliance with these Minimum Operational requirements* but 
there are indications that this situation is changing. The October 1$7Q issue 
of the AOPA PILOT contains an article (Reference 5*4*47) that indicate* AA 
has Notices of Proposed Rule Making (NPRM) that "could, for the first time in 
aviation history, lead to the formal establishment of mandatory Federal "Minimum 
Operational Characteristics" (MOC) for electronic equipment installed in general 
aviation aircraft." Facets of the reliability problem includes 

0 Redundancy - Redundancy does contribute to reliability. Where two independent 
systems of like nature are installed, the probability of a single failure 
is doubled, but the probability of complete loss of service (requiring two 
failures) is substantially reduced. Operational redundancy can be achieved 
by the use of multiple dissimilar systems, as was discussed in Section 
5.4.1 .6 entitled: Safety. 

o Relation to Safety - A reliable system is not necessarily a safe system. 

A system that has an occasional undetected failure is unsafe to the extent 
this occur 8. Braverman in reference 5.4*19 brings this out clearly. A 
system of only modest reliability can be a safe system if ite failures a .*e 
always known and a backup exists. 
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9 Reliability Achievement - Reliable equipment must start by use 
of reliable parts. Parts that are in large-scale production 
under carefully controlled conditions that have a known history 
of high reliability in service should be selected. This means 
that especially built parts are not good selections. The design 
and construction must be such that the parts are operated conserva- 
tively as far as electrical and environmental stresses are con- 
cerned. General aviation aircraft are outdoors most of the time, and 
the exposure subjects them to temperature and humidity conditions 
that can, over several years, cause failure of electrical components 
and intermittent high resistance contacts in switches, potentio- 
meters and plugs. 

5. 4. 1*8 Economy 

The cost of avionics is in the original cost and installation in 
the airplane plus the cost of maintenance. Original cost is con- 
trolled by producing a simple and straight forward design and achieving 
a production rate that is in the mass production category. This 
allows the production people to become proficient and the development 
costs to be spread over a large number of units. The design should 
standardize on components in large scale production to take advantage 
of the lower prices that will result. Maintenance costs will con- 
tinue to be a problem. Avionics must be built compactly so that 
unless clever design concepts are used, many components will be 
difficult to change. The installation in the airframe is often 
crowded with equipment inaccessability a serious problem. 


5.4o1.9 Maintainability 

Relation to Economy - Until avionics ere developed that require 
no maintenance, the cost of keeping it operating will be a con- 
tinuing expense. This millennium is not yet here and careful 
consideration must continue to be given to aocessability and 
ease of adjustment. 


Relation to Safety and Reliability - Maintainability has a direct 
bearing on both safety and reliability. If maintenance is diffi- 
cult to accomplish, it will inevitably be poorly done &s a general 
rule. ~ The result is poor or no performance when the equip- 
ment is needed and then a repeat of the maintenance operation is 
required . 

5. 4*1*10 Systems Classification 

Olaasification - Avionic systems can be conveniently classified 
into aircraft related or fission related. Figure 5.4.1 shows 
this division. 


Airorsft Related Systems What is meant hers are systems 
that are bssio to the airorsft independent of the way the 
aircraft is to be used. Obviouely, a basic one is the elec- 
trical generating system. Also falling in this category 







ilsa aaiaii 


FIGURE 5.4.1 

AVIONIC SYSTEMS CLASSIFICATION 





l 







f 


w 


W 


l 



are systems that provide heading, attitude, airspeed, alti- 
tude, and others relating to direct and immediate control 
of the aircraft such as basic autopilot, stability augmentation 
and similar items. 

Mission Related Systems - Systems in this category are those 
that contribute to the operational use of the aircraft. Or, 
more specifically, those systems that allow the aircraft to 
move freely through the National Airspace System. These, of 
course, include those systems that provide navigation, communi- 
cation, and air traffic management functions. 


5*4*2 Aircraft Related Systems 
5.4.2. 1 Instrumentation 


Flight - Flight instruments are those basic to providing visual 
information for pilot control of the short term movements of the 
aircraft. These include maintaining straight and level flight 
in a desired direction and airspeed, and accurately controlled 
turns climbs and descents. This is in contrast to navigation 
avionics which provides geographical position of the aircraft 
and information for its guidance... -Flight instruments include: 


Artificial Horizon - Artificial horizons - attitude indicators 
have been in use for many years. They have been improved 
over the years, but they still possess inherent limitations 
in their usual implementation in general aviation and many 
airline aircraft. The best available attitude signal sources 
are derived from inertial quality gyros that are used in 
inertial navigation systems suoh as the ARIN3 561 type 
(Reference 5*4*27) •These are now and will continue to be out 
of reach of most general aviation aircraft users for many 
years. The limitations of the usual vertical gyros stem from 
the drift rate in a free mode. This results in the use of 
gravity type sensors that torque the gyro to the dynamic 
vertical. In straight and level flight and for turns of 
short duration, adequate performance is obtained. A sustained 
turn will result in erection toward the dynamic vertical with 
false guidance information resulting. It may be that this 
limitation in V.G.*s is one reason why holding patterns are 
race- tracks rather than circles - the straight segments are 
needed for re-erection of the gyro. Error in pitch is present 
under the accelerations of take-off also. Erection cut-off 
sensors are sometimes used during periods of acceleration 
and are helpful if the quality of the gyro is adequate for 
the situation. There are no significant attitude problems 
of this nature for CTOL aircraft during approach to landing. 
However, there may be a problem with STOL aircraft where a 
relatively high cruising speed must be reduced to well under 
100 knots over a short approach distance. The limiting 
factor on these accelerations should be what the orew and 
passengers will tolerate and not hardware limitations. It 
is probable that the conventional vertioal gyro will oontinue 
to be the main source of a vertioal reference in moat general 
aviation aircraft. 
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Compass - The earth's magnetic field is, and will continue 
to he, the source of heading reference in general aviation 
aircraft. The VOR system and the airways will oontinue to 
he referenced to magnetic north. Those few aircraft operas 
tors able to afford inertial navigation systems will have 
true north available to them. This will he mainly useful 
for long range flight outside the continental TJ.S.A. The 
gyro-magnetic compass will continue to he used for instrument 
flight purposes, while the fluid stabilized magnetic compass 
will continue as a standby and backup and as the primary 
heading reference in some aircraft that are flown VFR only. 
There probably will not be appreciable improvements in gyro- 
magnetic compass accuracy because instrumentation errors in 
the better gyro-magnetic compasses today are comparable to 
the anomalies in the earth's magnetic field. 

Air Data Systems - Historically, general aviation aircraft 
have obtained airspeed, altitude, and vertical speed from 
individual pneuma tic^mechanica 1 instruments operating from 
dynamic and static pressure sources. These instruments will 
continue in use since they have reached a rather high state 
of development. Their performance is described by the per- 
tinent FAA Technical Standard Orders (References 5*4*28, 5*4*29 
5*4*30) as the minimum acceptable for IFR flight. 

Of recent years, central air data computers have come into 
wide scale use in transport category aircraft. In addition 
to dynamic and static pressure, they make use of outside air 
temperature so that parameters depending on temperature, 

Mach number and true air speed, can be computed. 

Altitude - A particularly critical flight parameter is 
altitude. On its accurate measurement depends safety 
of flight in regard to vertical separation. Present 
airways vertical separation standards are 1000 feet up 
to 29,000 feet MSL with 2000 foot separations above 
29,000 feet. Reducing separations to 1000 feet above 
29,000 feet would double the available airways there. 

This would be a tremendous help, particularly over the 
North Atlantic routes . In spite of considerable effort 
in this direction, such a reduction does not appear 
immediately feasible. Further discussion on this subject 
is in Reference 5*4*7t Volume 2, Appendix C-6, entitled: 
Altimetry. 

A relatively new requirement exists for digitized altitude 
to be used for altitude reporting purposes through the air 
traffic oontrol transponder beacon. It la likely that ell 
IIR aircraft eventually will be required to oarry this 
capability. Altitude ia digitized in aooordanoe with 
international standarda and is referenced to 101 5.2 
millibars (29*92 inches of mar oury). See Reference 5*4*31 
for further details. Since altitude ia referenced to 
actual MSL pressure for the lower altitude routes, the 


ground ATC syatem must make the necessary correction 
so that the aircraft-reported altitude can be properly 
compared to its assigned altitude. On high altitude 
routes, where 1013.2 millibars is the reference, no 
ground correction is required. 

Plight Director - Flight directors have been developed over 
the years to provide guidance commands to the pilot to allow 
him to adhere accurately to a desired flight path. The compu- 
tation involved is similar to that in the autopilot and, in 
fact, in recent years the same computer has been used to sup- 
ply command signals for automatic control and instrumentation 
readout. The flight director commands are displayed as a part 
of the artificial horizon. The detailed method of display 
varies considerably from designer to designer and tends to be 
proprietary in nature. Flight directors are now in use in 
general aviation aircraft and will continue to be. Evolu- 
tionary improvements in the electro-mechanical type of 
presentation will continue. Electronic displays are being 
developed and are discussed below. 

Integrated Displays - Mich development effort is going into 
the use of cathode ray tubes (CRT) for integrated displays 
that are in some cases similar to present-day electromechanical 
attitude director indicators (ADI), but because of the inherent 
flexibility available through modern TV and digital techniques, 
the designer has many choices in the type, quantity, and manner 
of presentation o For example, a CRT display has been demonstrated 
with the artificial horizon across the middle with a synthetic 
pattern above and a live TV picture looking down the approach 
and landing path below the artificial horizon line. Other para- 
meters, such as airspeed and altitude, can be easily added. 
Displays of this type are, of course, quite expensive in terms 
of what can be afforded in typical general aviation aircraft 
at the present time. They will see service in the near future 
in advanced transport and military aircraft. There is every 
expectation that this general category of display will eventually 
be within the general aviation price range. 

One problem area is inherent in the flexibility with which 
CRT type displays can be synthesized. There has been displayed 
over the years a diversity of opinion on how flight directors 
should be configured. Because of the electromechanical nature 
of the present type of ADI, a considerable constraint is imposed 
on those who want something different. This constraint will be 
considerably relaxed for the new electronic types. A diversity 
of presentations in the industry is not desiarble from the safety 
and training standpoint. Industry efforts to control this 
situation through the development of standards would be highly 
desirable. 

Another form of integrated display that is highly refined in 
electromechanical form is the horizontal situation indicator 
(HSI), Another operationally related device is the pictorial 
display. There are two forms of pictorial displays that have 
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been highly developed* the moving map and the optical pro- 
jection type. There is a trend towards use of a CRT for 
this type of presentation - probably prompted by the high 
degree of flexibility of this method. The ARINC AEEC has a 
pictorial display characteristic in work that is intended to 
interface with the ARING Mark I, II, and III area navigation 
systems. 

CRT's have a drawback in aircraft service. They are fragile, 
and they are awkward devices to mount in a cockpit instrument 
panel. Developments in light-emitting solid state technology 
show promise as a replacement for the CRT that would overcome 
these two deficiencies. 


5. 4*2. 2 Control 

0 CTOL Aircraft - Plight oontrol of conventional take-off and 
' landing aircraft is in a reasonably mature state. Control of 

the surfaces by direct cable control is standard for general 
aviation aircraft. There is a wide variety of autopilots avail- 
able to the single and light twin engine aircraft users* (Reference 
5*4*32). They start with simple single axis stabilization and 
run the gamut up through the three axis with multimode capability. 

It is believed that the normal competetive forces in the avionics 
l industry will provide most of the incentives needed for continued 

development and refinement in the APCS/PD area. The complete 
elimination of direct cable controls (fly-by-wire) may eventually 
I come to me*/t specialized needs, but it is likely to be a fall-out 

of- developments in the V/STOL area where requirements tend to 
push more in that direction. 

j There is some interest in applying anti-skid systems to. light 

aircraft, and there is no reason why this cannot be done success- 
fully with worthwhile benefits. The heart of an anti-skid system 
lies in solid state microelectronics whioh can be small and light 
enough for even single engine aircraft with proper development. 

0 STOL Airoraft - Instrumentation and controls suitable for full 
* IER final approach and landing are to some degree available, 

but much additional work is needed. A problem area is the rapid 
deceleration and accurate flight path oontrol required during a 
short approach that may be a curved path, flare, and landing. 

How is the required flight control action best presented to the 
pi*. lot? What is required in the automatic flight control system, 
including speed oontrol, to make the transition to a landing? 

How art vertical navigation progress and commands best displayed? 

At. approach to answers to these questions is given in Reference 5 * 4*33 
entitled V/STOL Vertical Situation Display. How can control 
be exercised to a time schedule to fulfill a flight plan-assigned 
landing time? Future requirements seem to dictate that answers 
to these questions be achieved in a suitable sensor/computer 
combination - and the computation will probably be predominantly 
digital. Full fly-by-wire may be the way to go if the safety and 
reliability requirements can be accurately stated, and if the 
designers can meet them within economic restraints. 

I 8p~ v' 



• VTOL Aircraft - Instrumentation and controla suitable for full 
IFR transition and landing are in a developmental stage with much 
to be done. For example, Reference 5,4.34, entitled! VTOL Flight 
Investigation to Develop a Decelerating Instrument Approach Capa- 
bility, describes NASA's program with a CH-46C in-flight simulator. 

In the CONCLUDING REMARKS of this paper is found the following: 

"Tests performed with an in-flight simulator have demonstrated 
that pilot-in-the-loop decelerating approaches can be performed 
to an instrument hover at the pad by augmenting an available 
situation display with control-command information. It should 
be emphasized that these tests were largely exploratory, and the 
system was developed only to the point necessary to define the 
nature of problems associated with performing decelerating approaches. 
The performance results presented in this paper, therefore, should 
only be considered indicative of the potential of this display/control 
concept - not its ultimate capability." 

In addition to the above, Reference 5»4»35t entitled: Control 

Characteristics of Vectored Thrust V/STOL Vehicles in the Transition 
Regime, contains the following significant statements: 

"Perhaps as a consequence of the difficulty of controlling air- 
speed and vertical velocity in transition flight, no V/STOL 
vehicle to date has demonstrated the ability to operate on steep 
flight paths during landing and takeoff under instrument flight 
conditions. This position is untenable in a vehicle whose main 
purpose is to operate from limited sites in all weather conditions." 

"A revision of power and thrust vector control engineering appears 
overdue and offers to improve the V/STOL vehicle's ability to fly 
accurately at that airspeed and flight path best suited to a 
particular operation terminal requirements." 

The instrument and control problems associated with VTOL air- 
craft bear similarities to those of STOL aircraft, but there 
are differences also. The main divergence is associated with 
the final flare and touchdown. A STOL aircraft landing bears 
considerable resemblance to that of a CTOL aircraft in that the 
STOL touches down on a runway (although short) with a substantial 
forward velocity. A VTOL aircraft arrests its forward velocity 
essentially completely at touchdown, or before. The landing 
control design problem can be further complicated by aircraft 
designs that can be operated as VTOL or STOL aircraft at the choice 
of the operator. 

5„4„2.3 Electrical Systems 

9 Direct Current Systems - The first electrical system in an air- 
plane was undoubtedly powered by a battery. To this has been 
added an engine-driven d-c machine. This is still true of essen- 
tially all general aviation aircraft and is likely to continue 
this way indefinitely. Developments in a-c systems for transport 
category aircraft may make it desirable to use a-c systems in 
larger general aviation aircraft in the future. A major improve- 
ment in d-c systems has occurred by the introduction of an a-o 


generator whose output is rectified by effioient and reliable 
solid-state silicon diodes. This eliminates the commutator 
thus simplifying construction, improving reliability and reducing 
maintenance. Solid-state devices for voltage control have also 
been introduced. In aircraft with more then one generator, paral- 
leling of the d-c outputs to a common bus with controlled load 
distribution between generators is standard px'Sctice. 14-volt 
systems are most used, but 28-volt systems are available for 
larger aircraft where power needs and voltage drop considerations 
in power distribution circuits require it. 

Small quantities of a-o power is needed in many small airoraft. 

Rotary inverters have a long history of use for this purpose and an 
equally long history of maintenance expense. Solid-state inverters 
are now well developed and widely available and are taking over the 
job of supplying small amounts of a-c power in aircraft whose basic 
generating system is direct current. 

Alternating Current Systems - Alternating current systems are well 
developed and in use in many military and large commercial aircraft. 
Alternators are engine driven through constant speed drives so that 
the system frequency can be held closely to 400 Hertz. It is 
normal practice to synchronize the generator outputs through a tie 
bus arrangement, but to provide for adequate utilization load divi- 
sion when the generators operate independently. Direct current is 
supplied by transformer-rectifier units in airplanes that use a-c 
generators as their basic power source. Two or more units are normally 
used to provide power source redundancy and reliability. 

Application of Advanced Technology - Solid-state technology is 
seeing increasing use in electrical generating systems and particu- 
larly in the associated control circuitry. This trend will continue 
and will result in increased reliability and reduced weight. 

A radical change in a-c generation is under development that elimi- 
nates the constant- speed drive. This is a variable speed, constant 
frequency (VSCP) system where the power is generated by a direct 
drive alternator and transformed in a solid-state device to constant 
frequency alternating current. Initial development is for military 
application, but ultimate availability for advanced general aviation 
aircraft of the future is likely. 

5»4»3 Mission Related Systems 

5.4»3*1 Navigation 

• VQR/PME - VQR/DME is the portion of VORTAC that will be used by 
General Aviation. VORTAC is a co-located VOR and TACAN. Civil 
airway users use VCR for bearing and the distance part of TACAN, 
thereby getting a rho/theta position fix. Military users get 
both bearing and di stance from TACAN. This state of if fairs is 
the compromise worked out in the early 1930s over the oonfliot 
between military and civil aviation as to what the U.S. Standard 
short range navigation aid would be. VORTAC is protected by ICAO 
agreement through 1975* with an expected extension to 1985. 
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VOB is widely used by general aviation. There is a good selection 
of airborne VOR systems available for all categories of aircraft. 
Accuracy improvements in the ground and airborne equipment are 
moving forward , so that the future should see an evolutionary 
improvement in accuracy, reliability, and modest reductions in 
weight and cost. 

DME, on the other hand, has not bad as widespread implementation. 

It is used to some extent in the higher performance end of the 
aircraft spectrum, but due to the higher cost, wide soale implements 
tion has been slowed. Recent application of solid state integrated 
circuits and digital techniques to airline type DME indicates 
coming benefits to general aviation DME. Reliable, lower cost 
DME of adequate performance is necessary for the future usefulness 
of area navigation to general aviation. 

Area Navigation - Area navigation '(R-NAV) was -established by PAA 
Advisory Circular AC 90-45» entitled* Approval of Area Navigation 
Systems for Use in the U.S. National Airspace System, dated 8/I8/69. 
(Reference 5*4*9)Much of the background work for this document was 
done cooperatively between government and industry operating through 
the Radio Technical Commission for Aeronautics. 

Past navigational methods, based on the use of VORTAC ground facil- 
ities, produce routes which lead directly over a station. This 
results in restriction in routes, but was a necessity until there 
was a widespread implementation of DME at VOR facilities. Now 
that this has been accomplished, position fixing anywhere within 
the area of coverage of a VORTAC is done by the airborne VQB/DME 
installation. Now, with the use of suitable computer equipment, 
it is quite feasible to fly arbitrary courses within the ground 
facility coverage. AC 90-45 deals only with navigation in the 
horizontal plane, but it must be recognized that it is quite feasi- 
ble to provide guidance in the vertical dimension also. Barometric 
altimetry is a satisfactory sensor for this purpose and it is now 
possible to provide guidance in three dimensions. Negotiations 
are under way between PAA and industry to generate guidelines for 
vertical navigation (V-NAV) ' added to AC 90-45 to make it a 
3-dimensional "volume" navigation document. This will be a very 
important set of rules. It will be the basis for NAS navigation 
in the coming decade. It must be a living document - it must change 
as experience shows the need. V*NAV work is now going on in 
RTCA Special Committee 116E. (Reference 5*4*25) 

The airline industry will be able to afford the hardware (and 
software) necessary to implement R-NAV. The corporate jet segment 
of general aviation will need it and want it, but will feel heavily 
constrained by tbs cost. The result will be many operators of 
aircraft wanting service from the NAS, but ill equipped to receive 
it. This is an unsatisfactory situation. 



Approach and Landing - General aviation aircraft have the same 
overall need for approach and landing guidance that other sag-' 
rnents of aviation have. The conventional ILS is widely used. 

The higher performance general aviation aircraft flown by business 
aircraft operators are usually equipped with airline-type ILS or 
equipment designed for the general aviation market, but with essen- 
tially "airline" performance. 

PAA has published Advisory Circular AC 91-16* "CATEGORY II OPERATIONS 
GENERAL AVIATION AIRPLANES" dated 8/7/67, (Reference 5.4.26), This 
sets standards for general aviation that correspond to AC 120-20* 
"CRITERIA FOR APPROVAL OP CATEGORY II LANDING WEATHER MINIMA", 
dated 6/6/66, intended for transport category aircraft. (Reference 
5*4.27) The general aviation rules are somewhat less restrictive 
than the transport category ones. 

Conventional ILS - Conventional ILS is that which is standard- 
ized by ICAO for worldwide use and is heavily implemented in 
the USA. PAA plans call for a total of 980 conventional ILS 
installations to be in service through 1980. (Reference 5*4* 5) 

The majority of these will be available tc general aviation. ' 
Since *;he trend towards restricted usage of a few major air- 
ports by general aviation aircraft is likely to continue, there 
will be some such airports not generally available. 

Conventional ILS will continue to be useful to general aviation 
indefinitely. There will be a continuing trend to lower mini- 
mums and more use of the glide slope in addition to the localizer 
and markers. It is unlikely that more than a minority of single 
engine aircraft will operate to minimums below Category I, 
however. The wider installation of autopilots in the future 
will permit automatic flight control guidance from the ILS. 
Reliable and fail safe design will provide safer and more 
consistent approaches. 

A low-cost looalizer system has been developed by Cubic Corp. 

It is reported (reference 5«4*42) that it is now installed at 
five small airports and has received PAA approval for use in 
the National Airspace System. The installed cost is reported 
to be $25,000. Such a low-cost device is a welcome nav-aid 
for small airports. 

Microwave ILS - Considerable effort has been invented in 
. trying to find a landing aid superipr to the conventional 
ILS. This search leads into the microwave part of the spectrum. 
There is a desire for the new system to provide for V/STOL, 
civil and military, requirements as well as for conventional 
aircraft, and to provide superior guidance to the runway sur- 
face. 


The aviation community, government and industry, is cooperating 
in the Radio Technical Commission for Aeronautics to develop a 
precision-guidance-system concept for approach and landing and 
an associated signal structure. The work is being done in the 
RTCA Special Committee 117 ( SC-1 17) » entitled ’’A New Guidance 
System for Approach and landing." It appears that the system 
selected will be a version of the scanning beam concept that 
has been under development by Airborne Instruments Laboratory 
(AIL) among others. The RTCA SC-117 system will cater to all 
classes of airoraft. The FAA is cooperating in this work. 
Assuming a successful completion, the FAA will probably adopt 
the SC-1 17 recommendations. 

FAA has scheduled 62 microwave ILS and 36 V/STOL ILS through 
1980 for a total of 98 installations (Reference 5*4»5). It is 
presumed that these will be in conformance with the SC-11 7 
standards as finally adopted. Many of these new- type ILS 
will be available to the general aviation user. He will be 
faced with the same problem as the airline operator, however. 
This is the need to operate into airports, some of which will 
have conventional ILS only, while others will have microwave 
ILS only. The airline operator will probably solve his problem 
by carrying both systems. This "solution" is less acceptable 
to general aviation, however, and the more likely course of 
action for the latter will be a demand for more ground instal- 
lations of low-priced conventional ILS. 

When the SC-11 7 microwave ILS goes into a prototype hardware 
development stage, a portion of the development effort should 
be devoted to building and evaluating airborne equipment 
specifically for general aviation use. 

Pilot/Navigation Interface - The design of navigation controls 
and indicators- continues to be a challenge. The airways grow 
more complex and the airplane systems and controls multiply to 
cope with the increasing demands of airway complexity and precision 
of flight. The same man has to perform adequately in the more 
demanding environment. It would appear that the most demanding 
situation is imposed on the single-pilot airplane flying IFR 
in a congested terminal area. This would mainly include single- 
engine and light- twin aircraft. 

The design of navigation controls and indicators must not be 
pursued in relative isolation. It must be done in the overall 
cockpit environment and it should culminate in trials in a live 
simulator and/or an actual airplane. There needs to be standard- 
ization in the man/machine interface. Possible ways to achieve 
this a re discussed in **Sectictfr5. 4 • 1 * 2* 

Advanced Techniques - Satellites offer a promise for major improve- 
ment in the NAS. Studies have been done that show some of the 
possibilities for configuring such 0 system* (References 5»4«1 and 
5#4*7)lt seems inevitable that satellites will eventually play a 
major role in navigation and air traffic control . There in con- 
siderable controversy surrounding the subject, however, for 
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example, the time-scale for implementation mentioned in Reference 
5.1 is 1975, whereas Reference 5*4*7 looks to 1990 as an implementa- 
tion time. User cost is another such area. Estimates down to 
$1000 for a general aviation type installation have been made. 

In any oase, when satellites are put to use in the DAS, they will 
not be unique to General Aviation. They will be a part of the 
common system serving all segments of aviation when fully imple- 
mented. General aviation planning should be directed to assure 
that the developing satellite system is fully responsive to 
general aviation needs. 

In considering advanced techniques such as satellite systems where 
there are choices to be made as to the location where certain 
computations are done, it must be remembered that the Congress 
has established user charges where the NAS user will besr system 
costs in approximate proportion to his usage. Even though the 
general aviation user carries only the minimum equipment in his 
airplane, and the computations are done at a central ground 
facility, he will be paying for the computing service. 

0 Weather Radar - Avoidance of severe weather is a requirement of 
instrument flight. Weather radar in the airplane has been used 
successfully for this purpose for some years. While airborne 
radar has looked at weather from its first use, the development 
of weather radar for thunderstorm avoidance was done for airline 
use by a joint United Air Lines/RCA program in the early 1950's. 

This resulted in C-Band being chosen by United as the optimum 
frequency. There is by no means universal agreement on this, 
however, and the majority of weather radars in use today are 
X-Band. There is one Ku-Band (15*5 Kmz) available for general 
aviation. It ia the Bendix RDR-110, with the entire system 
weighing 20.5 pounds. It uses a 12 inoh diameter sector-scanning 
antenna and is advertised as having a 90-mile range. While airborne 
weather represents a fairly mature development situation there are 
a few 'considerations such ass 

* There is some expressed need to install a weather radar on 

a conventional single-engine propeller-driven airplane. This 
can be done by putting the radar in a pod and mounting on a 
wing so it can scan forward outside the propeller disc, or 
it might be feasible to look through the propeller disc with 
the antenna mounted just below the engine and faired into the 
cowling. 

* It may be feasible to combine the radar display in an integrated 
fashion in an electronic attitude director indicator (EADI; or 
an electronic map-type display. Operational considerations 
should play a major part in determining the exact configuration. 
There is an obvious possibility for the saving of instrument 
panel space here also. 
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Other Nav-Aids - While V CRT AC Beene certain te oontinue to be the 
doaestio nav-aid, other aids that am now in use and will continue 
to show promise for the future include: 

Loran - Loran A opera tea at 2 nhz and ia a aadiun range, 
medium accuracy system that has bean uaad for dacadaa mainly 
for over-ooean operations. It ahould oontinue to be available 
and will see uae by business aircraft mainly outside the USA. 

Loran C ia a never development operating on 100 khz and ia 
longer range and higher accuracy than Loran A. It will oon- 
tinue to be available for over-ooaan operations. It probably 
will not see much general aviation use. Reference 5*4*43 provides 
further information on Loran A and C. 

Omega - This U. S. Navy system operates on 10-14 khz and will 
give world- wide coverage by 1972. Airborne equipment is not 
yet fully developed. 

The National Plan for Navigation (Reference 5*4*43) indicates 
continued worldwide operational use through at least 1982. 

There will be continuing development of airborne receivers 
in the expectation that Omega can become the internationally 
standardized long range nav-aid. 

Inertial Navigation - This self-oontained airborne system 
will see uae mainly in the larger business aircraft and 
then for long range over ocean operations. Advanoea in 
laser gyros and small digital computers whioh reduce coat and 
weight, while increasing reliability, will enhanoe the useful- 
ness of INS. Hybrid systems that are up-dated by fixing nav 
aids, suoh as VORTAC,ere on their way to use in airline R-NAV 
service and will filter down into general aviation servioe. 

ADF - The L-MP automatic direction finder is a mature system 
that will be in use indefinitely. It will have a decreasing 
role domestioally, although the continuing availability of 
L/MF ground stations will permit ASF's to . still be useful. 

Outside the USA (e.g. Central and South Amerloa) there will 
be many places where non-direotionai beacons will be the only 
nav-aid available. 

Recent studies by Eleotro Technical ins lysis Corp. (References 5*4.2 
and 5*4*3) indioate the possibility of increasing the range 
of operation by 2 or 3 times by the use of coherent deteotion 
techniques whioh provide pass bands of a few Hertz, and up 
to 20 db. improvement in signal to noise ratio. The resulting 
reoeiver is also oonslderably less susosptihle to thunderstorm 
and ovn-airoraft noise. A deficiency is ths inability to 
identify the ground faoility to its maximum navigational range 
of usefulness. This may be a diffloult problem to resolve, 
ainoe it oould require modification to existing ground facilities. 
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5. 4*5*2 Air Traffic Management 

• Air Traffic Control Radar Beacon System - The ATCRBS has been 
adopted as the U. S. National Standard system to supply position, 
identity and altitude on each aircraft to the ground air traffic 
control system. The details of the ATCRBS are well covered in 
Volume 2, Appendix E-5 of Reference 5*4*7* FAA has plans for the 
installation of a total of 255 automated radar terminal systems 
(ARTS II and III). See page 55 of Reference 5*4*-5', A full capa- 
bility transponder, which is needed for use with ARTS II and III 
calls for the full 4096 identity code capability as well as alti- 
tude reporting. This, in turn, requires an altitude sensor that 
can deliver digital altitude data to the transponder. This adds 
up to considerably more money than many of the general aviation 
users can afford. There has been a trend of decreasing prices 
for transponders underway for some time. Whether prices for the 
full system can be brought down to where all users who really need 
the ATCRBS can afford it is problematical. It should be pointed 
out that there will be casual VPR flying in less congested airspace 
for many years to come that will not require a transponder. 

0 Intermittent Positive Control - The concept of Intermittent Posi- 
tive Control (IPC) has been recommended by the D.O.T. Air Traffic 
Control Advisory Committee (Reference 5*4*7* Vol. l). Under IPC, 
conflicts between aircraft under surveillance, controlled or 
uncontrolled, would be predicted, safe maneuvers calculated, and 
appropriate commands automatically transmitted to the aircraft 
and displayed to the pilot. Control would be applied only when 
a collision is possible, hence the term "intermittent". To 
accomplish IPC, a redevelopment and enlargement of the ATCRBS 
functions would be required. Each aircraft must have its own 
individual identity, and an open data link must be continuously 
available between air and ground ready for an avoidance command 
if and when it is required. Study reported in Reference 5*4*7 
indicates that the ATCRBS can be modified to provide this added 
capability. This will tend to increase the cost of the airborne 
equipment. Since heavy participation by general aviation is neces- 
sary for IPC to be successful, cost is a vital factor. Should 
the decision be made to implement IPC, general aviation needs must 
receive full consideration in the development and implementation 
program. 

0 Communications - General aviation aircraft participate in air 
traffic control communications along with other aircraft flying 
in the National Airspace System. Channel assignments are in the 
110-136 MHz band and these assignments ere made in accordance with 
PAA Advisory Circular AC No. 90-1 1A (Reference 5*4*10). This 
Advisory Circular recommends a 90-channel communications capability 
for VPR operation, and a 360-channel capability for IPR operation. 
The latter capability provides all available channels on a 50 MHz 
channel spacing basis. There is no known plan to split channels 
to a 25 KHz basis, but this could happen in the next decade depend- 
ing on the nature of the developing NAS. If voice communicetion 


revalue the basic vode of ATC communications, channel splitting 
may be neoessary. Planning for the future calls for increasing 
automation in the ATC system. This, in turn, leads to a need for 
a data link. The FAA, in Reference 5.4*6 pages 4&-49> indicates 
the need for a data link that presumably would operate on VHP 
oommunioation channels. However, in (Reference 5*4*7 (page 7> volume 
1) the D.O.T. ATC Advisory Committee recommends a data link as a 
part of an expanded ATCBBS and that this will hsndle anticipated 
system loads through 1990. After this, satellite systems would 
become operational. Obviously, important policy and system con- 
figuration decisions must be made before development can progress. 

As a matter of information, the airline industry is advocating a 
data link ae a part of VHF communications. It would include two 
modes t one for company communications, and the other for ATC use. 

The Airline Electronics Engineering Committee has a draft character- 
istic in work for such a data link. (See Reference 5*4*11)* 

Voice air /ground communications will be available in the NAS 
indefinitely. Automation, aided by a data link, will be increasingly 
implemented and put voice communications into more of a baok-up 
role. It is obvious that the planning and development that goes 
into the definition of the NAS must fully inolude the needs of 
general aviation. 

Collision Avoidance Systems - The continuing occurrence of mid-air 
collisions provides increasing incentive for a solution to this 
problem to be found. A basio purpose of an air traffic oontrol 
system is to avoid collisions, of oourse, and the intensity with 
whioh collision avoidanoe systems are pursued is a measure of the 
basio deficiency of the ATC system. 

Collision avoidanoe research has been going on for many years. 

One major effort, carried out by the Air Transport Assn, for 
the airlines, appears to be a suooess in that the system does 
perform. It is a cooperative system, however, and is quite 
costly in its full implementation ($40,000 per airoraft). It is 
advertised as being able to aooommodate less expensive versions 
with less protection down to a simple pilot warning indicator 
(PWl) that might oost less than $500. (See Reference 5.4.12). This 
ATA system should be fully evaluated for 

general aviation. There still remains a need for a CAS that is 
non-oooparative - one that an airoraft user oan install in his 
own airplane and reoeive protection from all other airoraft that 
may be a thraat. Raaearoh and davelopmant work must continue 
because the threat will oontinue indafinitaly. 

Clear Air Turbulanoa Detection - Clear air turbulenoa ia a thraat 
mainly to fast, high-flying airoraft. Jet airoraft are the major 
oatagory affected and thay oompriae a small minority of general 
aviation airoraft at praaent. They will ba a minority for many 
years, but increasing in numbers nevarthaleas. CAT has been the 
subject of considerable researoh (References 5*4*15 and 5.4.14). 
Airborne equipment operating in the infrared has bean developed 
and flight tasted. The moat raoent equipment was service 


tested by Pan American Airways, with poor results* There were too many 
false alarms, and not all CAT was detected. Vork on CAT avoidance will 
continue since the problem is not going away* General Aviation's interests 
are essentially the same as the rest of the aviation community, and research 
and development efforts should be cooperative* 

5*4*3*3 Communications 

Communications is an air traffic control tool that has been discussed in 
Section 5*4*3*2. A second usage is for mission (military) or operational 
(airline) control of aircraft* The role of air traffic control is simply to 
keep aircraft moving to their chosen destinations safely. ATC has no authority 
to influence destination choice except in the interests of safety* General 
aviation usually has no requirement for mission or operational control, although 
some operators of corporate fleets do make use of it to a degree. 

Crash Locator Beacons are on the verge of being widely required by regulation. 
Several states, notably California, have been active and the FAA has a draft 
TSO prepared for a beacon that would transmit simultaneously on 1 21 • 5 end 243 
MHz. In addition, the Radio Technical Commission for Aeronautics Special 
Committee 119* Minimum Performance Standards - Emergency Position Indicating 
Radio Beacons - is making good progress* It is expected that such devices 
will come into universal use in the next few years* 

5*4*4 General Conclusions 


Present and emerging technology in the field of avionics will provide equipment 
for general aviation use that will enhance the utilization and safety of the 
airplane* The cost of this equipment will continue to be a restraining influence. 
An interesting fact is disclosed by Figure 5*4*2 which shows how much avionics 
added to the base cost of a wide variety of general aviation aircraft in 1968* 
While there is some scatter in the data points, the figure indicates that the 
cost added is about 28% of the base price* It is expected that this is a rela- 
tively stable number for projection into the future. 

One trend in avionics is that towards increasing sophistication of equipment* 

The up-coming need for area navigation equipment is a major contributor* 

This constraint should gradually diminish as development in two key areas 
occurs* One is in the area of small digital computers based on Large Scale 
Integrated (LSI) circuits and on Cathode Ray Tube (CRT) technology to provide 
versatile flight data displays* 

Typical avionics "packages" have been listed as applicable to the present 
technology, baseline aircraft derived parametrically in Section 7*0* The cost 
of these aircraft, however, does not reflect any avionic equipment. More 
sophisticated avionics, including that required for fully automatic flight 
control, has been selected for evaluation in the sensitivity analyses of 
Section 8*0 and has been evaluated in Section 8 *3 *7* 

In order to gain added insight into the status and probable future direction of 
general aviation avionics, several representative organizations were contacted 
by letter and questionnaire. Four responses were received, and they are 
summarized in Appendix IV • 
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The equipment applicable to Category I and II baseline aircraft is as follows: 
Operational Assumptions : 

(a) Positive control capability (no true IFR) - requires VOR, with localizer 
as an option. 

(b) Short-range communications - VHF. 

(c) ATC transponder, no altitude reporting. 

(d) Single pilot operation. (No instrument rating). 

Avionic System List (Good quality non-TSO'sd) 

System Typioal Weight Typical Price - 1970 

1 ea. V0R/L0C/VHF COMM 9.6 lbs. $1,725 

1 ea. ATC Transponder 8.0 lbs. $700 

17.6 lbs. $2,425 

The equipment applicable to Category III and IV baseline aircraft is as follows: 
Operational Assumptions : 

a) IFR capability using R-NAV for enroute, and ILS for approach. 

b) Short range communications - VHF 

c) ATC Transponder, no altitude reporting 

d) Basic autopilot -heading and altitude hold 

e) A single pilot can operate the complete airplane (instrument flight rated) 
Avionic System List (General aviation type - TSO'ed) 


System 

Typical Veight T 

'ypical Pri< 

ea VOR/LOC/GS/MKR 

4 lbs 

$4,140 

ea DME 

18 lbs 

*4,417 

ea R-NAV 

12 lbs 

*5,195 

ea VHF COMM 

15 lbs. 

*2,160 

ea ATC Transponder 

4 lbs. 

*1,366 

ea Autopilot 

18 lbs. 

*4,495 

ea ADF 

S Ibai 

* 895 


74 lbs. 

$20,268 
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5.5 Landing Gear 


Landing gear technology investigation includes the emerging and potential 

improvements in conventional wheel gear arrangements* as well as assessing 

the potential of the Air Cushion Landing System. 

5.5.I Wheel Type Landing Gears 

Wheel type landing gears can be categorized by arrangement: nose- 

wheel, tailwheel, bicycle, quadricycle, or multi-wheeled, and by 
mechanical design; fixed or retractable. While the first generation 
Of general aviation aircraft utilized the fixed , tailwheel gear f the- 
present generation uses the nosewheel arrangement predominantly and 
offers both fixed and retractable designs to fit the price and per- 
formance classes. The principal elements of a landing gear comprise 
the tires, wheels, brakes, energy absorbers, supporting structure 
and retracting system, if any. In lieu of the last item, wheel 
fairings are often applied to fixed gears. The purpose of this 
investigation is to examine the various elements of the wheel-type 
landing gear and point to any promising instances in which advanced 
technology can effect reductions in weight and cost, or improve 
reliability and maintainability. The nosewheel arrangement is 
widely used because it offers a level floor, better taxi vision, 
easier landing, inherent directional stability, ease of steering 
and resistance to nose-over. The choice between fixed and retract- 
able gears for the future must be examined as an analytical trade- 
off. The retractable type, in the future, may become a higher-priced 
option such as power steering or automatic transmission in automobiles. 

S.S.l.l Tires - Many types of tires have been developed for aircraft and are 
usually categorized by pressure range. Per general aviation use, 
only the low pressure (up to 50 P«i) tyP® to* considered because 

of available runway composition. Soil and pavement conditions 
relative to penetration are categorised by California Bearing Ratio 
(CBR) and combinations of wheels with tire pressures are classified 
by the number of passes, or repeated passages, that the aircraft can 
make over terrain having a given CBR, before experiencing pavement 
cracking or deep rutting of soil. The majority of Category I aircraft 
use the 6.00-6 tire on the main gear and 5.00-5 or 6.00-6 on the 
nose gear, with the tire pressures varying from 25 to 45 psi« 

Category III aircraft generally use 6 . 50-8 to 6.50-10 tires on the 
main wheels, which have pressures as high as 75 'to 80 psi. These 
aircraft, however, are usually operated from asphalt or concrete 
runways. The Category II and IV aircraft would probably have tire 
sizes and pressures close to those of Category I. 

It is obviously desirable to use the lowest possible tire pressure 
to permit operation from soft or rough terrain when neoessary. This 
is especially important for the ST0L and VT0L types, which may be 
used for off -runway operation. Large diameter "balloon” tires 
with small hubs were used extensively in the 1930* s, but have since 
disappeared. Large tires create high drag in fixed gear installations 
and present space problems for retractable gears. A new development 
by a leading manufacturer is the ex p a nd a bl e tire, whioh folds like 
an accordion, when deflated, to about 2/3 ite Inflated diameter. It 
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thus helps to solve the space problem for retractable gears; however, 
its main virtue is the ability to run on a deflated tire without 
danger of detachment from the rim. 

* 

5. 5.1*2 Wheels and Brakes - Wheel design has largely been standardized by 

the Tire and Rim Association. Aircraft wheels are generally fabricated 
from aluminum or magnesium alloy forgings, although pressed steel 
sheet has been used in some instances. For the future, it is possible 
that the use of high strength plastics or fiber composite materials 
might be used to achieve lighter weight units. Brakes for light- 
plane use are predominantly the single disc type, using steel discs 
and one or more contact pads. It is doubtful that any significant 
improvement can be made in the type of brake, although some weight 
saving can be made by using graphite or beryllium for the disc. The 
choice of materials will be primarily dictated by cost. 

The STOL aircraft in Category II require higher braking capacity in 
order to preserve a balanced field length* The high thrust -to -power 
ratio propellers, selected on the basis of low noise level »oould provide 
a significant contribution to braking if reverse pitoh is used. Additional 
braking capacity may be necessary, however, and the application of 
brakes to the nose wheel might prove to be effective. The use of 
anti- skid systems, as developed for high landing speed aircraft, 
would permit full realization of -the friction coefficients associated 
with type of terrain in use. 

5. 5. 1.3 Shock Absorbers - Many -types of shock absorbers have been used in 
aircraft. Table 9-1 of Ref. 5.5.5 lists these end grades them with 
numbers ranging from 1 (excellent) to 7 (very bad) as follows: 


Type 

Simplicity 

Weight 

Pet. 

Efficiency 

Reliability 

Recoil 

Dampin 

Spring 

2 

7 

50 

1 

6 

Spring-oil 

3 

7 

70 

3 

4 

Rubber 

2 

6 

60 

1 

5 

Rubber-oil 

3 

6 

70 

3 

4 

Air 

4 

3 

65 

5 

6 

Oleo-pneumati c 

4 

1 

80 

3 

1 

Liquid Spring 

4 

2 

75 

3 

1 


The present popularity of the oleo-pneumatic shook absorber is 
evidenced by its high standing in the above list. Where high rates 
of descent are required, it is difficult to find a better shock 
absorber. In exceptional cases, double-acting oleo-pneumatic shock 
absorbers can be used. The spring concept oan take the form of coiled 
springs or cantilever beams of tapered planfons, sometimes laminated. 
This type is used extensively In art ngl i enj I1i> typT tflT l IS H 
It derives its recoil damping by sideward sorubfeingof the tire* 

Though relatively inefficient and heavy, it soeres mainly on simplicity 
(hence low cost) and reliability* The spring material presently in 
use is steel; however, uni-directional fiberglass is a promising 
substitute and might result in lower weirt&t. Advanced fiber composites 
offer even greater promise. Another simple ooncept, which has been 
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used in helicopter practice, is the use of metal tension strips 
(usually stainless steel) attached between a hard point on the 
structure and a short arm attached to a pivoted gear structure 
which moves upward and backward in the vertical plane. The strips 
are designed to deflect within their elastic limit, and if permanent 
set should occur, they can be easily and inexpensively replaced. 

Low cost oleo-pneumatic shock absorbers reached their peak of 
simplicity in the design of Sn amphibian aircraft in 1946 (see 
Section 5.5*6). They were designed for low static pressure to 
facilitate servicing, so that single o-ring seals could be used. 

The cylinders were made from tubing stock, and the single passage , 

of a pull-broach completed the machining. The end seals and piston • 

guides were retained with snap rings. The design of the low-pressure, 
hydraulic retraction actuators was similar, and a signifies . . break- 4 

through in cost was achieved. 

While the aircraft configuration usually dictates the type of shock 
absorption selected for the lending gear, it can generally be stated 
that the cantilever spring gear appears to be best adapted to high 
wing, fixed gear aircraft. For low wing aircraft, with either fixed 
or retractable gear, the oleo-pneumatic type is preferred. However, 
special circumstances might call for variations to the above choices. 

5 . 5.1.4 Structure and Retraction System - This portion of the gear is sub- 

jected to the widest variance in design concept since it must maintain 
compatibility with the airplane configuration. Chapters 8 and 10 of \ , 

Ref. 5.5*5 cover the many possibilities, which are too numerous to 

mention here. The general rule for designers ist Keep It Simple* ■ 

Simplicity pays off in cost, reliability and maintainability and, 
more often than not, results in light weight. 

5. 5. 1.5 Auxiliary Functions - In addition to providing rolling, braking and 
shock absorption, the landing gear often provides other functions. 

These include steering, cross-wind landing and, very rarely, kneeling. 

Steering is applied to the nosewheel mechanically or -through a 
hydraulic actuator, which can provide shimmy damping, as well. It is 
controlled either by action of the rudder pedal, lateral motion of 
the control column or a special steering wheel. Of these, the first 
method is used universally in general aviation aircraft; however, the 
control column action is more natural and more related to the steering 

of automobiles. > 

Cross-wind landing provisions are incorporated in some large aircraft, 
but have been applied to lightplanes on a few occasions in the past. 

They consist of limited, caatered swiveling freedom for the main 
wheels, with a centering lock for occasions when swiveling 33 not 
desired. The desirability of providing cross-wind landing gear is 
debatable. With conventional gear, landings in 20-25 knot cross winds, 
are regularly made by the technique of landing into the wind, then 
kicking the rudder for alignment with tie runway prior to touchdown. 

This results in touching one wheel first and sometimes causes the 
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wing tip on that side to come into close proximity with the ground. 
The inclusion of a castered. main gear depends on its effect on 
weight and cost. If these factors are minor, such provision could • 
be incorporated to achieve a higher level of safety. 


5*5*2 Air Cushion Landing System 

The Air Cushion Landing System (ACLS) is an extension of the Air 
Cushion Vehicle (ACV) technology which has been extensively developed 
in Great Britain, the Soviet Union and the United States. Air Cushion 
Vehicles are presently being used as patrol vehicles by the U.S. Army 
in Vietnam with great sucoess. This vehicle is powered by one 1150 
SHP turbine engine, weighs 10 tons and has a top speed of 60 knots. 

The Soviet Union and Great Britain are presently operating similar 
vehicles of weights of 22 and 168 tons respectively. 

The feasibility of the Air Cushion Landing System concept has been 
under investigation during the last five years under sponsorship of 
the Air Force Flight Dynamics Laboratory, with Bell Aerosystems as 
the prime contractor. Extensive analyses and model tests have been 
accomplished and are reported in References 5*5*1 and 5*5*2. The 
most recent activity has consisted of a flight and ground test 
program of an ACLS installed on a Lake LA-4 single engine aircraft, 
which is reported in Reference 5*5*5* The LA-4 ground teats have 
demonstrated the craft* s ability to negotiate the following terrain: 

15 to 24 inch high grass, plowed ground, 4 to 14 inch diameter by 
2 to 6 inch high tree stumps, 5 foot wide water filled ditches, 5 foot 
wide by 1 foot deep ditches, soft muddy ground, snow in 6 inch drifts, 
wet sand, and water. Take-offs and landing have been made from 
macadam, concrete (wet and dry), long grass and snow (4 to 8 inches 
deep), and water. 

Excellent ground flotation, tolerance for surfaoe roughness, and 
operation from water are the chief benefits offered by the ACLS. 

Ground flotation quantifies the ability of an aircraft to land 
and take-off repeatedly from low strength runways. This factor 
is defined by the number of times an aircraft can pass over a runway 
of a given soil bearing strength without destroying the surfaoe by 
excessive rutting. The soil bearing strength is generally specified 
in terms of an index called California Bearing Rating (CBR). A CBR 
of 4 is roughly equivalent to a wet putting green; a CBR of 9 is 
equivalent to the average outfield in a baseball park. It is desirable 
to incorporate as much flotation as possible when designing a landing 
gear, except as constrained by an associated weight penalty. Wheel 
type landing gears concentrate load on a small area of ground oontaet, 
therefore producing a high ground pressure. High flotation, rough 
field wheel type landing gears are bblky, heavy, and difficult to 
install. On the other hand, the ACLS distributes the aircraft' s 
weight over a large area and produces very low ground pressures. 

A comparison of ground overpressure and flotation capability is shown 
in Figure 5.5*1 The ordinate this graph shows the ground over- 
pressures for various modes of transportation* The aboissa shows the 
approximate required surfaoe strength to support the mode of trans- 
portation without producing ruts deeper than one-haXf inoh. It may 
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be seen that the flotation provided by an ACLS ia an order of 
magnitude better than that of conventional wheel-type landing gears. 

In faot, it actually exceeds the flotation of a man on foot. 

To quote Hr. Kennerly Digges in Deference 

"The Air Cushion Landing System is similar to the air cushion 
vehicle support system in principle. However, the ACLS has a number 
of requirements which are not imposed on ACVs. These requirements 
are as follows t 

o Retrootiom The ACLS must retract to provide an acceptably 
low drag during flight. 

o Pitch and Roll Stiffness t The ACLS must have adequate stiffness 
to provide support during takeoff rotation, landing flare, and 
cross-wing operations. 

o Vertical Energy Absorption: The ACLS must absorb vertical sink 

rates in order of 10 fps without exceeding the g limit of the 
airframe. 

2 

o Braking t The ACT must provide deceleration rates of 10 ft/seo , 
and ground friction to resist side drift and yawing. 

o Steering i The ACLS must provide for steering and close-quarter 
maneuvering. 

o Power and Weight ! The ACLS must operate at an acceptably low 
power level and the total weight must be competitive with con- 
ventional high-flotation gear. N 

The ACLS developed under Air Pores sponsorship inoludes the following 
major components ! 

o A low pressure, high volume air supply 
o An elastic trunk plenum with peripheral jet exits 
o A braking system 
o A ground maneuvering system 

A typical trunk plenum is shown in Figure 5.5.2 : from Reference 5*5. 3* 
A typical cross-seotion of an olastle trunk is shown In Piguro 5.5.3 
The following description is quoted from Hr. D'.gges in Reference 5.5.4* 

"The trunk portion of the air cushion system must retract during 
flight to reduce drag. The extension and rstraotion are accomplished 
by simple elastio deformation of the trunk material. — When the trunk 
is inflated, the elastio material is loaded to its design point. At 
this point, it elongates approximately 250 % to fom a deep, flexible 
duct around the perimeter of the aircraft fuselage. Whan not Inflated, 
the trunk shrinks back slastioally sad hugs the fuselage. 

’'The trunk is mads up of a laminate of natural rubber and nylon, the 
materials whloh are UAed in aircraft tires. 'The nylon is plaoed in the 
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laminate in a alack condition. Consequently, the nylon carries no load until 
the design point is approached. As the design point is exceeded, the nylon 
becomes taut and picks up the load. 

"The conventional landing gear contributes drag in two ways — parasite 
drag and roll friction. The ACL3 also has two drag components — parasite 
drag and momentum drag. The momentum drag is caused by ingesting large 
amounts of air and changing the direction of air flow. 

"The parasite drag of the inflated trunk is approximately equal to the 
parasite drag caused by the extended wheels and doors. The momentum drag 
of the ACLS was found to be less than the rolling resistance of wheels. 
However, rolling resistance occurs only when the wheels contact the ground, 
while momentum drag occurs whenever the ACLS fan is operating. The net 
result is that the total drag of an ACLS is less than that of wheels during 
the takeoff, but slightly greater immediately after takeoff. 

"- — The rolling resistance of wheels is a relatively small portion of 
the total drag. This is true as long as the takeoff is made from a hard 
surfaced runway. However, when aircraft operate from low strength soil 
runways the wheels rutting can increase drag to the point where takeoff is 
impossible. Since the air cushion landing system will not rut the soil, 
its advantage in reducing takeoff distance from soft runways is obvious. 

"Pitch and Roll Stiffhess . The mechanism by which roll and pitch angles 
are reacted is shown in Figure (5.5.4 1 (The upper left hand view) shows 
the approximate footprint pressure of the ACLS under equilibrium conditions. 
The aircraft is totally supported by the cushion of air maintained under the 
fuselage. Under a roll angle, the footprint pressure changes. In addition 
to the cushion of air, the trunk is supporting the aircraft. The pressure 
in the trunk is roughly twice the pressure in the cushion. Thus, the foot- 
print pressure changes as shown in (the upper right hand view), and a large 
restoring moment is developed whenever the bag is flattened against the 
ground. 

"(The lower view) shows the support offered by the LA-4 trunk during 
takeoff rotation and flare. As aircraft flares, the aft portion of the 
trunk is forced against the ground. The trunk pressure, acting over the 
large trunk area which is flattened against the ground, produces a force 
which partially supports the aircraft. 

"Landing flare angles up to 12° (the maximum possible for the aircraft) 
were conducted on the LA-4. After 14 takeoffs and landings, no wear was 
noted on the aft portion of the trunk. This portion is flattened against 
the ground in every operation. The explanation for this lack of wear is 
that the pressure on the two sides of the trunk is equalized by air jets 
which provide air film support, as in an air bearing, 

"The amount of load support offered by the trunk is a function of the 
trunk length, the trunk pressure, the trunk configuration, and material 
elasticity as well as the trunk deflection. 
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"If other considerations dictate a trunk stiffness and moment am which 
result in inadequate roll stiffness, then wing- tip outriggers would be 
required. 


"Landing Energy Absorption . In a conventional shock strut, landing energy 
is absorbed by compressing a small amount of fluid to a high pressure and 
squirting it through a hole. In the ACLS, landing energy is absorbed by 
compressing a large amount of fluid beneath the fuselage and squirting it 
through the air gap between the trunk and the ground. 
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"Drop tests of air-cushion models have demonstrated that the ACLS has 
excellent energy absorption and damping. (In comparison with a conventional 
system in which) both systems have approximately equivalent shock attenuating 

characteristics (max sink rate per g). the conventional shock strut 

is structurally limited to a load factor of 3 g’s. The ACLS eliminates the 
point loading vihich is characteristic of the conventional shock strut. 

Instead, the loading approximates a uniformly distributed load acting over 
the entire underside of the fuselage. This improved load distribution allows 
a more efficient loading of the structure which in turn should permit higher 
structural load factors — perhaps to 7 g's or the maximum g limit of the 
aircraft fuselage. The cushion stiffness may be varied to permit higher or 
lower sink rates per g of structural loading. This flexibility, combined with 
the more efficient load distribution, offers airframe designers sink rate 
absorption capabilities not presently available in conventional landing gear 
and at no structural weight penalty. 

"It must also be noted that the initial landing impact is only part of 
the total energy absorption requirement. During the ground roll, additional 
demands are placed on the shock absorbing system by the impacting of random 
obstacles and irregularities on the landing surfaces. In some oases these 
loads are more severe than the initial landing impact. Because of its 
excellent obstacle negotiating capability - - - - and soft, flexible trunk, 
the ACLS has the potential of substantially reducing this type of loading. 

"Braking . The ACLS braking system consists of expandable "pillows" 
located along the bottom surface of the trunk. When these pillows are 
inflated, they press a brake lining down against the landing surface. At 
the same time, the section of the trunk between the pillows is forced up. 

The pressure under the fuselage is bled off through the large daylight 
clearance between the pillows, and a large portion of the aircraft weight 
is transferred to the brake linings. The brake lining material wears and 
can be replaced in a manner similar to conventional brake linings. The 
braking force which can be developed is dependent upon the coefficient of 
sliding friction between the brake lining and the landing surface. Con- 
ventional wheel gear, in conjunction with the anti- skid system, develops 
a coefficient of friction of about 0.4 on dry concrete. 


- - 1020 steel possesses a friction coefficient of around 0.3 through- 
out the (average) landing velocity range - — . Its wear rate is such that 
90 full brake stops could be accomplished before relining is required. 

n. . . Maximum precicted temperature (of a typical stop is) 262*F, well 
below the range which could cause degradation of the rubber trunk to which 
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it is attached 


"The brakes press against the landing surface with a contact pressure of 
about 14 psi. Such a low pressure would not harm a concrete or asphalt 
runway. It is anticipated that the damage to soil runways would be much 
less than for braking conventional tires. High flotation tires have contact 
pressures which range between 40 and 100 psi. 

"The braking problem is one of the most critical in ACLS design; however, 
a number of additional solutions to anticipated problems are available. If 
increased braking force is desired (as for a maximum performance assault 
landing) , materials with high- friction coefficients can be chosen. For 
example, wire brushes offer a significant improvement in friction coefficient 
on concrete. The friction coefficient developed by the wire brush on soil 
was found to exceed its friction coefficient on concrete. 

"Additional aircraft weight could be put on the braking system by ducting 
tiie air-cushion cavity to the fan intake. This would cause a pressure less 
than atmospheric to exist under the fuselage. As a result, a vertical load 
greater thiui the aircraft weight could be applied to the brakes. 

"Finally, if brake heating is found to be a problem, insulation could be 
placed between the brake pads and the trunk to which they are attached. 

"Steering and Ground Handling . Steering of the ACLS is accomplished by 
aerodynamic control and by differential braking. As a result, ACLS steering 
is not as precise as conventional nose-wheel steering. Flight tests of 
the LA- 4 show that the taxi, takeoff and landing in high crosswinds is 
possible and that the center line of the runway can be followed. Low-speed 
maneuverability is quite good; however, considerable side slip occurs in 
high-speed turns. 

"- - - Since the air cushion system requires power in order to carry load, 
a separate support must be provided when the aircraft is parked. The tech- 
nique envisioned is to inflate a pressure- tight bladder inside the trunk, 
similar to a bladder inside a football. The aircraft would then rest on the 
.air- filled trunk. The air pressure could be varied to allow kneeling. If 
it is desired to move the aircraft into a hangar for maintenance, it could 
be moved either on the air cushion or on special detachable hangaring wheels . 

"Weight and Power . Results of the programs conducted to date indicate that 
tiie ACLS is lighter than high- flotation wheeled gear. The power requirements 
are approximately 10# of the (total) power required. 

"The power requirements can be estimated by extrapolating tiie performance 
of the ACLS models which have been tested. For the purpose ol this estimate, 
the ACLS is assumed to behave as a plenum chamber. This is a conservative 
assumption since the peripheral jet system is, in general, more efficient 
than tiie plenum chamber system. 

"The ACLS provides a penalty in takeoff distance on hard-surfaced runways 
due to the drain in engine power. However, on soft runways this power drain 
is more than compensated for by the elimination of wheel sinkage and rutting. 
This feature offers V/STOL aircraft a significant weight savings as well as 
a breakthrough in flotation and rough field performance. 
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" Conclusions * The air-cushion landing system offers a breakthrough in 
aircraft ground flotation. The system has been successfully tested on a 
small aircraft. Solutions to all major technical problems have been demon- 
strated. .... 

"The major advantages of the system are as follows: 

Operates on Soft Surfaces 
Negotiates Obstacles and Steps 


Reduces Weight 

Reduces Aircraft Ground Loads 
Provides Crosswind Landing Gear 
Provides Kneeling Capability 

The major disadvantages of the system are as follows: 

Requires Power 
Less Precise Steering 
Less Stiffness 
Creates Rust and Noise 

Requires Special Ground Handling with Power Off" 

A typical ACLS application is shown in Figure 5 >5.5. The ACLS has been applied 
to a Category I aircraft, and an effort has been made to improve upon the 
major disadvantages of the system as set forth by Mr. Rigges. Power for 
energizing the cushion is obtained by diverting the exhaust cooling air into 
the trunk. An engine-driven blower is used to energize the flow through 
the radiator of a liquid-cooled, rotating combustion engine installation. 

Thus, the required power is obtained without significant penalty, since the 
blower, or an equivalent engine exhaust ejection system, would be necessary 
for a pusher propeller installation. 

Figure 5.5.4 shows a section through the trunk. In comparison with the elastic 
trunk of Figure 5»5*3» an accordion-fold, inelastic trunk is shown in Figure 
5.5.^. This permits the use of conventional rubberized fabric material, 
which is easily installed and removed and requires no further development. 

It would be molded in the folded condition to assist the process of retraction, 
which is further assisted by the use of limited stretch, elastic straps. 

When retracted, the comparatively stiff tread forms the slot closure. Radial 
stiffness is imparted to the tread by molding steel wires in the rubber, 
across the tread (a suggestion by representatives of a leading manufacturer). 
This permits the use of a continuous peripheral slot instead of the hole 
pattern used in the LA-4 application and should result in a better discharge 
coefficient. 

Another difference from the LA-4 application is the use of a tricycle taxi 
gear, with positive nose wheel steering. This gear is used only for taxiing 
and possibly takeoff, and is retracted for landing. It is designed only to 
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support the static weight of the aircraft at 1 .0 g. Although this feature 
imposes a weight and cost penalty, it eliminates three of the major disad- 
vantages cited by Mr. Digges: less precise steering, less stiffness and 

the requirement for special ground handling with power off. It also elimi- 
nates the need for an inner bladder in the trunk and the maneuvering air 
jets used in the LA-4* Since the wide tread and long wheel base of the auxil- 
iary gear provides stability in all directions, a true peripheral system can 
be used, with a considerable reduction of engine power. This mitigates another 
one of the disadvantages cited, leaving only the creation of dust and noise. 

The first is basic, but its effect on engine air ingestion can be countered 
by the use of a high, protected inlet scoop, as shown in Figure 5*5*% The 
extra noise cited by Mr* Digges is believed to be that created by the fan. 

It can be made lower than that of the engine/propeller combination by the 
use of the low rotational speed and acoustic insulation. 

Although the provision of braking in the ACLS was not cited as a disadvantage , 
Mr. Digges called it one of the most critical problems in ACLS design. The 
problem can be eliminated in this example by the provision of adequate reverse 
thrust made possible by the large, high activity propeller required for low 
noise level. This will result in a braking system with no replacement and 
maintenance problems (per se), with lower weight and cost, and will provide 
braking independent of surface conditions. 

While use of the ACLS has been applied only to Category I aircraft in this 
study, it is equally applicable to those in the other three categories. 

The ACLS installation would be highly suitable for "bush" operation, for 
instance, where a wide variety of terrain, including water, snow and ice, 
is encountered. 
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5. 6 FUNCTIONAL SUBSYSTEMS 

5*6.1 Environmental Subsystems 


Environmental control of the airplane Interior Includes that of 
temperature and pressure. Most low-price general aviation aircraft 
are equipped with heaters only. Air conditioning (without pressuri- 
zation) is just now being offered, and pressurization is restricted 
to the high priced turbocharged and gas turbine-driven aircraft. 

Reference 5.6.1 describes a lightweight, "low-cost, " engine-driven 
refrigerated air conditioner, which can be installed in small, 
single engine aircraft (the quotations around "low-cost" refer to 
its price as being "under $1,500"). The unit is belt-driven by 
the engine and weighs approximately 45 lbs. installed. It absorbs 
about 5 hp when Idle engine is idling, dropping to about 2.5 bp in 
cruise flight. The installation consists of an air evaporator unit 
and cabin blower assembly, a condenser or heat exchanger and a belt- 
driven compressor with a clutch. The unit provides a 20-degree 
temperature differential and moves 250 cu.ft. of air per minute. 
Although the requirements for FAA certification are more demanding 
than those for automobile air conditioners and the present potential 
market is much less, it would appear that lower cost units could be 
offered at such time in the future as the velume potential should 
increase. Certainly the price factor can be brought below the ratio 
of 6 times that of typical automotive units. It is also possible 
that reverse air cycling er a "heat pump" unit can be developed to 
provide heating, as well. 

Reference 5.6.2 describes typical pressurization systems for repre- 
sentative twin-engine 6-8 plaoe business airoraft, typifying Category 
III. Pressurization in a high performance aircraft with turbocharged 
piston or turbine power enables the operator to realize the full 
performance potential of the airoraft by cruising at optimum altitude. 
These systems utilize bleed air from the engine turbochargers and 
provide air conditioning. 

They can provide a 5.5 pci pressure differential for a sea level 
cabin up to 12,000 ft., and 8,000 ft. cabin at 24,000 ft. and a 
10,000 ft. cabin at 29,000 ft. (operational ceiling). While the 
main air supply is bled from the turbochargers, two auxiliary pumps 
(one per engine) provide a secondary supply to maintain pressuriza- 
tion, even with the throttle closed for descent. Cabin altitude is 
selected with a variable rate-of- change control, normally 500 ft. /min. 
Cabin temperature is controlled thermostatically by regulating the 
outputs of a 45)000 BTU gas heater and a 24,000 BTU freon air 
conditioner. The cabin air is changed every 90 seconds, after being 
filtered, dehumidified and temperature- conditioned. Figure 5.6.1 
shows a diagram of a typical system, obtained from Reference 5.6.2. 

The provision of cabin pressurization requires not only a complicated 
air supply system, but alto a fuselage structure capable of with- 
standing the pressure differential. For this purpose, a circular 
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FIGURE 5.6. 1 TYPICAL SYSTEM SCHEMATIC FOR 

PRESSURIZED TWIN-ENGINE A/C 



BOOT ANTMCING & STALL DELAY DEVICE 



cross-section is ideal, since the- stresses become pure hoop tension. 

Since it is not practical to pressurize the entire fuselage, concave 
pressure-resistant bulkheads are installed at the front and rear 
boundaries of the cabin. A weight penalty is exacted for the structural 
provisions, as well as for the air supply system^ however, the use of 
fiber composite material should reduce the structural weight penalty 
to a considerable degree. The best approach toward the reduction of 
weight and cost of the air supply system appears to be that of 
"packaging" the system in a minimum number of installed units, as 
opposed to the present mexhod of spreading the system over a large 
area of the aircraft. 

Environmental control of the exterior of the aircraft includes anti- 
icing (or deicing) of the wing, tail and engine components and 
treatment of the windshield for clear vision against the hazards of 
ice, fog and rain. Ice prevention on aerodynamic surfaces is confined 
to the leading edges. It takes the forms of anti-icing by temperature 
rise er de-icing by the use ef inflatable beets. Anti-icing systems 
utilize the circulation of het air or electrical resistance wires 
imbedded in an insulating blanket. The source of hot air can be obtained 
from an engine exhaust heat exchanger or an engine-driven compressor 
(or bleed from a turbocharger). The electrical system requires extra 
generator capacity, even though the current is cycled through the 
resistance wires. Hewever, it is simpler from an installation stand- 
point. 

A unique approach to the solution of the leading edge icing problem 
would be the provision of an inflatable, expandable beot, which when 
expanded would provide a blunt, drooped contour to the leading edge. 

The pressurized air, at higher temperature , would circulate through 
the boot and exit through a narrow slot along the upper surface. The 
system would be used in all takeoff and landing operations to delay 
the stall , as well as when icing conditions are encountered. Figure 
u> .Jg shows a cross-section view of this device. 

Windshield treatment can utilize resistance wires, ejected fluid or 
hot air blowing for ice and fog removal. The hot air system is the 
least costly method, as evidenced by its use on automobiles. As for 
rain removal, there appears to he no better answer than wipers, which 
can be electrically or pneumatically actuated. 

E. gine component ioe prevention systems use hot air for carburetor 
heating - however, fuel injeotion engines do not have this requirement. 
Turbine engines require de-icing of the inlet and guide vanes, which 
is usually obtained by the use of compressor bleed air in a system 
that is integral with the engine. 


Fuel Subsystem 

General aviation aircraft fuel systems are categorized by gravity 
feed and pressurized systerrs. The former is characteristic of 
high wing, single engine aircraft, since there can be a head of 
fuel maintained above the engine pump in all upright attitudes, 
assuming that the fuel is stored in the wing. Low wing, single 
engine aircraft require a pressurized system if operation at high 
altitudes is required. Pressurization takes the form of a booster 
pump in the fuel sump. In twin engine aircraft, the engine and 
fuel tanks are on essentially the same level, and boost pumps are 
not used unless unusually high altitude operation is desired. The 
use of compressed air above the fuel to achieve pressurization is 
not approved because of structural difficulty, the danger of leaking 
fuel through joints and the maintenance of a potentially explosive 
fuel-air mixture. Tanks are usually installed in the wings and are 
either integral with the sxructure or are the rubberized fabric, 
bladder type„ Fuel flow control from more than one tank is controlled 
by manual valving or automatically by a flow equalizer. A warning 
light is usually provided to indicate a low level in the main si.pply 
so that the pilot can valve in his reserve supply. In some cases, 
wing tip tanks are used, which under average cruise conditions do 
not create appreciable drag, since the added parasite drag is 
counteracted by the lower induced drag due to end plating effect. 

Future improvement of fuel systems should be directed at* (a) improved 
safety; (b) higher reliability through simplicity. Safety considera- 
tions imply location of tanks in the outer panels, remote from the 
fuselage and the avoidance of crash fires. This subject is discussed 
in Section 5°8» of this report. Feference 5*6.3 contains a collec- 
tion of papers which relate closely to the subjeot. Some of the 
topics discussed include fire detection techniques, reduction of 
vapor flammability with additive s, new concepts in fuel containment 
and the use of gelled and emulsified fuels. Item (b) implies the 
design of a simplified system which requires no management or C.G. 
control functions and incorporates gravity feed, if the configuration 
permits. The prospect of obtaining lighter weight systems which 
incorporate the above improvements is dim, since the new structural 
materials are not applicable to fuel systems. 

Flight Control Subsystem 

Some of the newer developments, such as automatic flight control 
systems (AFCS), fly-by-wire systems and fluidics point toward 
revolutionary flight control systems. There is little doubt but 
what thoso developments will sooner or later be extensively 
incorporated in military aircraft and commercial transport aircraft. 
However, there is much doubt about their applicability to general 
aviation airoraft, with the possible exception of the large expensive 
business aircraft. The reason for doubt is, primarily, economics 
and secondarily the manner of operation. 


As opposed to the long and. frequent periods of continuous operation 
with military combat aircraft, as well as with military and commercial 
transports, general aviation aircraft are operated sporadically and for 
relatively short periods of time. Thus the need for 2- or 3- axis auto- 
pilots and stability augmentation devices may not merit their cost, 
assuming that the aircraft are inherently stable and easily controlled. 
Ply-by-wire systems can become a weight-saving item on large aircraft, 
but would have little effect on the aircraft of interest to this study. 

Even if they did reduce weight, the ’’black box” complication would price 
them out of the market, and the aircraft would still be required to have 
a back-up mechanical system. 

Fluidic systems are potentially a lighter weight meane of transmitting 
control signals. Reference 5*6.4 compares the weight and cost of a heading 
hold system biased with integral of sideslip. The conventional mechaniza- 
tion weighs 44*15 lhs. and costs $6,484. The same system, designed for 
pure-fluid components, weighs 25.45 lbs. and costs $3,544* This example 
shows that the use of fluidics can effect considerable economy in the 
design of instrumentation systems. 

Attitude stabilization by the use of an inexpensive, single -axis autopilot 
is another improvement (see Section 5*8.) which is already being introduced 
for wing leveling. The remainder of potential improvements applies to the 
details of the system. These include; 

o Simplified, reliable control transmission systems, 
eliminating any change of jamming or malfunction 

o More attention to human factors in cockpit layout 

o The application of high strength, high modulus, fiber 
composite material to cables to reduce weight and 
increase service life. 

o Reduction of friction in the system to reduce pilot 
effort and stickiness. 

o Development of means of obtaining automatic longitudinal trim as 
a function of speed and flap position. 

o In twin engine aircraft, automatic directional trim with one 
engine inoperative. 

o Use of elevator tab combinations to provide longitudinal stability 
over a greater C. G. range. (The Curtiss -Wright ”V-tab” system, 
developed in the 1940's and tested on the C -46 airplane, achieved 
this objective.) 
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5 . 6.4 Auxiliary Power Subsystems 

In general aviation aircraft, such means of power transmission are used 
primarily for retractable landing gear, wheel brakes and flap actuation. 

At the present time, hydraulics are used to the virtual exclusion of 
pneumatics. Electrical power transmission systems are fairly common and 
are discussed in Section 5*4. 2. 3 • The choice between hydraulic, pneumatic 
and electrical systems is made primarily by the preference of the designers, 
although in military and commercial transport aircraft it is subject to 
rigorous analysis and trade studies. While hydraulic systems involve the 
problem of fluid leakage and a potential fire hazard with flammable fluid, 
they are used extensively, as in automotive practice. Electrical systems, 
while free of these problems, are generally heavier than hydraulics. 

Pneumatic systems may have the best long-range potential. Their source 
can be manifold pressure, or engine -driven pumps, with reciprocating or 
rotary combustion engines, and compressor bleed with turbine engines. 

The power, in the form of compressed air, can be delivered to high speed 
air turbines, to displacement -type air motors or to linear actuatoru. 

It can be stored in accumulator tanks for emergency use. In addition to 
the applications mentioned at the beginning of this subsection, the com- 
pressed air can be used for anti-icing (see 5.6.1) and possibly for boundary 
layer control concepts. Vhile hydraulic system leakage is easy to detect, 
pneumatic system leakage is not readily visible. One solution is the use 
of thin rubber sleeves surrounding the joints which will become inflated 
or punctured when leakage occurs. The remote valving of pneumatic systems 
could be done by fluidics, rather than electrical solenoids or actuators. 
This would utilize the same working fluid and might create a more reliable 
system. 
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5.7 Utility and Convenience Features 

5.7*1 Roadability 

A long sought-after feature for light aircraft has been some means for the 
owner to keep his plane at his place of residence and move it over the road 
to the nearest airfield whenever he wants to fly. Removal of the wings is 
a practical impossibility for most low wing aircraft, and wing removal from 
a high wing aircraft is too time consuming, since it involves disconnecting 
the controls, fuel lines, electrical wiring, and the pitot line. Although 
the owner saves up to $50 per month by avoiding tie-down or hangar rent, the 
effort involved is hardly worthwhile. 

The majority of small boat owners keep their "rigs” (boat & trailer units) 
at home and hitch them to their cars, proceed to launching ramps and complete 
their operations with a minimum of effort. This capability has popularized 
boating to the point where it is now a major industry. Although airplanes 
are far more expensive than boats, it is safe to assume that a similar capa- 
bility might have a sizable impact on the market. To provide the airplane 
owner with equal convenience to that of the boat owner, he must be able to 
fold the wings (and horizontal tail if required) without any auxiliary effort 
except for latching and unlatching; and to utilize a standard trailer hitch 
installed at the back of his car. 

Going one step further, the owner’s convenience and utilization might be 
augmented by divorcing the airplane from the car by making it automotive 
on the road. This capability requires a wheel drive, since the hazard 
created by propeller drive would be obviously unacceptable. With wheel 
drive, the owner could drive his airplane to the nearest airfield, fly to 
a distant airfield and proceed by road to his ultimate destination. Such a 
convenience would have considerable appeal to business owners; more so than 
to private owners, probably, because of the increased price of the airplane. 

The prevision of roadability has been developed in the past in s few instances, 
but has never reached the true production stage. If it is ever to do so, 
the conceptual design must effect minimum compromise to the performance and 
flying qualities of the airplane; to its safety both in the air and on the 
road; to impose minimum effort on the part of the owner in his utilization 
of the airplane and to hold the price within reasonable limits. This is a 
very large order, and the optimum solution is beyond the scope of this inves- 
tigation. However, in order to provide some indication of the economics, an 
example has been selected and evaluated in Section 8.3*6. 

Road Automotive Version - The features required for road automotive capa- 
bility, in addition to wing folding, include: 

0 Steerable nose wheel linked to the rotation of the control wheel. (Wing 
folding automatically disconnects the ailerons from the control wheel.) 

0 Front and rear lightweight bumpers with a trailer hitch installed on the 
rear bumper. The front bumper is easily attachable for use on the road 
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only and is foldable for stowage in the baggage compartment. It includes 
clips for securing the propeller in the 45 degree position. 

0 A central combined headlight and landing light (automobile sealed beam 
unit). The rotating beacon serves as a tail light. 

0 An Auxiliary Power Unit (APU) installed in the fuselage below the baggage 
compartment. This is an air-cooled rotary combustion type having a rating 
of 30 horsepower, at 5»000 PPM and a weight of 56 lbs. It drives a variable 
volume hydraulic pump of 18 gpm capacity, with a system pressure of 3000 psi. 

0 A 3000 psi hydraulic system consisting of the pump described above, a 
reservoir and two hydraulic motors, with V-belt drive to the rear wheels. 

The system provides reverse flow at variable pressure by the inclusion 
of a 4-way valve. This system is installed in addition to the conventional 
brake system. 

Towable-Only Version - This version has the wing and tail folding features 
previously described, but does not include the APU and hydraulic drive features. 

Both versions were analyzed for their effect on weight and cost in comparison 
to those of the Category I baseline design, reflecting 1985 technology. The 
propeller was selected on the basis of the 75 PNdb noise level constraint. 

In assessment of operating cost, the analysis includes deletion of the cost 
of hangar space or tie-down rental. The recommended configuration for Category 
I» described and analyzed in Section 9.0, includes wing folding and towability. 

5.7.2 All-Terrain Capability 

Amphibious aircraft in the general aviation field have been represented by 
many different models. While none of them have achieved the production status 
attained by the more popular land plane models, serious attempts have been 
made in this direction during past intervals. Since the amphibian offers 
increased utility by its ability to use waterways, in addition to airfields 
on the ground, there must be obstacles which override the obvious advantages. 
They can be summarized as follows: increased cost and inferior performance. 

The classic approach to amphibian design is to use a planing hull with a 
stepped bottom and fit it with a retractable landing gear. The propeller must 
then be raised to clear the water, which usually places it, and the engine, 
on an overhead pylon. The increased drag and weight of this arrangement must 
be countered by the addition of engine horsepower and wing area. This adds 
to both the initial and operating costs, while never coming up to the perform- 
ance level achieved by well designed landplanes. Another, less popular, design 
approach is the use of twin floats with retractable landing gear. Then, of 
course, there is the seaplane, or flying boat, which does not have land opera- 
tional capability and is almost as badly handicapped, performance- and price- 
wise, as the amphibian. 
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There has recently appeared a new technological development, which promises 
to give the operator not only amphibious, but also operation from any type 
of surface, with considerably less compromise. This development is the Air 
Cushion Landing System (ACLS), which has been under active, government- 
sponsored, development over the last five years. It stemmed from the Air 
Cushion Vehicle (ACV), which has recently attained limited operational status. 
Since the ACLS is described in Section 5*5*2, it will not be repeated here. 

It suffices to say that its incorporation permits operation of the aircraft 
from terrain of any degree of softness or roughness, as well as snow, ice 
and water. It is thwarted only by hills, ditches and large obstacles. The 
gear usually consists of a flexible trunk plenum, which can either be retracted 
or stretched tightly over the fuselage skin. This element of the gear usually 
weighs less than a conventional wheel gear; however, the weight of the air 
supply system has to be assessed. Also, if positive ground control on reason- 
ably firm surface is desired, the weight of a taxiing gear presents an additional 
item. 

The recommended configuration for Category I in Section 9*0 includes the instal- 
lation of an ACLS with auxiliary wheel gear. The "accordion” type of trunk, 
described in Section 5*5*2, was chosen, which is retractable into a shallow 
trench under the wing and cabin floor. Since the stiff tread material becomes 
flush with the exterior surface, no doors are required. The trunks are circular 
in planform. The cushion area provides a ground contact pressure of only 
0.67 psi. The enclosed volume of the plenum and the circumscribed cushion 
provides adequate excess buoyancy allowing the aircraft to be moored on the 
water with its power off. 

The engine drives the overhead propeller shaft through multiple V-belts, as 
well as a centrifugal blower. The fan air is induced from an overhead scoop 
and the output is ducted to a radiator which cools the water- jacketed engine. 

The exhaust from the radiator is ducted downward to a 2-way selector valve. 

The valve directs the flow into the trunk plenum for surface proximity opera- 
tions and to a rearward exhaust nozzle for flight. Adequate pressure and 
flow are available in the exhaust air for operating the ACLS, and the tempera- 
ture is low enough (about 175°F) for compatibility with the rubberized fabric 
trunk. 

A retractable, tricycle taxi gear is provided for positive steering and maneu- 
verability on the ground. Contact pressure is maintained by pneumatic (air 
spring) struts, which also function as actuators for retraction and extension. 
This gear is designed to support no more than the static weight of the air- 
craft for parking, power-off. It is retracted for landing and takeoff and 
supports only a small portion of the weight during taxi operations. Although 
the ACLS trunk can be equipped with braking pads of the type described in 
Section 5*3*2, it is believed that the large, high thrust propeller can pro- 
vide adequate braking if reverse pitch capability is provided. This type of 
braking is independent of surface conditions. 

The operational advantages of the all-terrain aircraft should increase its 
marketability, since an insignificant addition to cost is involved. The 
trunk unit and auxiliary taxi gear can be obtained at about the same weight 
and cost of a conventional retractable wheel gear. This approach should appeal 


122 


to the sportsman owner for distant hunting and fishing expeditions, as well 
as to the business owner, who can make use of unpaved areas or waterways. 

The latter include the "bush" pilots, who operate most of the time from rough 
country, including water, snow and ice. The use of an ACLS is not confined 
to Category I, which is used only as an example, and should have equal appeal 
in the other three categories. 


5.8 SAFETY 


5.8.1 General Considerations 


Safety is a fundamental, ever present requirement in aircraft design and opera- 
tion. Without a certain minimum level of safety the desired utility of aircraft 
becomes unavailable. Because of the paramount nature of safety, regulations are 
issued by the FAA to establish a minimum level of airworthiness. For general 
aviation this is FAR Part 23 (reference 5»4*36).The operation of such aircraft 
is governed by FAR Part 91 (reference 5«4«37)« It is basic to safe design that 
one of two situations exist: (l) a failure can not occur j or (2) if a failure 

can occur, there is a way out. An example of (l) could be at least some of 
the basic airplane structure. An example of (2) could be the engine in a single- 
engine airplane where the backup to an engine failure is the skill of the pilot 
in a dead-stick landing. Operational safety which is governed by avionic systems 
has been discussed in Section 5*4»1 *6. This section will cover other aspects 
of the subject. 

In a bulletin released in June 1966, the Aviation Safety Center at Cornell 
had the following recommendations applicable to general aviation aircraft: 

o Fire - A modified fuel which will not burn explosively.. . .Suppression of 
ignition sources, fuel containment, and fast acting extinguishants. 

o Pilot Error - Research to determine why.... crew members commit errors that 
result in accidents. 

o Airport and Navigational Aids - Extend navigational and landing aids at 
inadequately equipped airports, especially where short range jets are 
being introduced. 

o Emergency Evacuation - Review cabin exit design and evacuation procedures 
via systems analysis. 

o Collision Avoidance - Intensify development on airborne collision warning 
devices to anticipate increased congestion. 

o Air Turbulence - Incorporate information developed in turbulence studies. 
Continue activities in detection and forecasting. 
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° Weather Information - Utilize data from a Turbulence Information Center 
to improve accuracy an? prompt dissemination of information on weather 
ha zards . 

° V/STOL Development - Accelerate research in problems of stability, control- 
lability and reliability with emphasis on safety. 

0 General Aviation - Increase efforts to educate and train owners and pilots 
to improve competence in flying and navigation. Support improved weather 
services and provide better stability and crashworthiness in design of 
private aircraft. 

0 Economics of Safety - Cost effectiveness analysis should be encouraged 
to support adoption of safety developments. 

There seems to be general agreement in the literature as to what the problem 
areas are, and it is interesting to note that many of the recommended solutions 
lie outside the realm of aircraft and engine design. Reference 5*8.1 shows 
that there were 898 accidents in 1969 which resulted in fatal or serious injury 
or where an aircraft received substantial damage. The causes listed below 
are taken from the "Cause/Factor" table. 


Item 

Cause 

No. of Times Listed 

% of Total 

1 

Pilot 

1038 

76.9 

2 

Airframe 

47 

5.5 

3 

Engine 

85 

6.3 

4 

Systems 

7 

.5 

5 

Instruments 

1 

- 

6 

Weather 

73 

5.4 

7 

Terra in 

62 

4.6 

8 

Mi sc. 

28 

2.8 



1351 

100.0 


(The reason that the total number of times listed exceeds the total number of 
accidents is because more than one cause was given for most accidents.) 

It is apparent that pilot error was responsible for the bulk of iccidents, 
and only about 13% of the accidents were attributed to airframe/engine causes 
(the sum of items #2, 3 * 4t & 8). A breakdown of pilot-caused accidents 
indicates the major cause of fatal crashes to be: 

° Pilot continued VFR flight into adverse weather. 

° Pilot failed to obtain or maintain adequate flying speed. 

° Pilot became spatially disoriented. 

° Pilot's inadequate preflight preparation. 

° Pilot's unwarranted low flying. 
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The conclusions of Reference 5*8* 13 state that "the designer cannot pass the 
responsibility through the instructor to the pilot," and that "6O-7096 of all . 
accidents ... have causes ... which can be affected by the designer." 

Reference 5.8.29 lists many design features of aircraft which are conducive 
to pilot error. However, even if all aircraft were perfect, the accident rate 
would be reduced by perhaps a relatively small amount. The fact that pilots, 
net aircraft, are the major cause of accidents has long been recognized by 
the PAA, which is active in trying to upgrade the proficiency of both pilots 
and instructors in an effort to improve the safety record of general aviation. 
The aircraft industry has done a good job, though admittedly not perfect, of 
designing safe aircraft, and major improvement of the safety record can come 
mainly from improved pilot performance. 

With the problem in proper perspective, there are of course some things which 
can be done to protect man from himself. References 5*8.13 an d 5*8.29 discuss 
design- induced pilot errors and conclude with recommendations such as simpler 
fuel management controls and fuel gages, standardized cockpit control shapes 
and locations, and more reliable landing gear position indicators. To this list 
could be added some additional items, such ass 

0 Carburetor ice warning and automatic application of heat 
0 Easy stall, with adequate warning and automatic spin recovery 
0 Cross-wind landing gear 

The industry and the FAA are generally familiar with the problems (practically 
all of which are detail design problems) and their solutions. Prom an exam- 
ination of the literature, it is apparent that desirable safety features are 
well known, and. that no engineering breakthroughs are required. With proper 
attention to design, improvements in safety could be provided for little or 
no additional weight. The cost of incorporating these items would be primarily 
in terms of additional design time involved. 

As in the case of modern military and commercial transport aircraft, the 
general aviation aircraft industry should strive to achieve the following 
goals: 

0 Easier maintainability - which will result in the performance of more 
maintenance operations, thereby enhancing safety. 

0 Increased reliability - which will result in less failures, hence greater 

safety also 7 ess maintenance required, more hours flown, more skill 

developed -- — and again, greater safety. 

0 Less complication - which requires fewer pilot tasks, hence less chance 
of pilot error. 

5.8.2 Damage Tolerance and Crashworthiness 

Structural safety is governed by PAA regulations which have proved to be ade- 
quate for all except extreme operating conditions. In cases where damage is 
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unavoidable, present technology offers many possibilities of avoiding crashes, 
and where crashes are inevitable, of minimizing the chances of severe injury . 
and loss of life. 

All military and transport aircraft manufacturers use damage tolerance criteria 
in the design of aircraft structure. The entire structure, with the possible 
exception of the landing gear, is designed to be damage tolerant. The damage 
tolerant load level used is either: maximum limit load; nominally dO percent 

of design limit load; or the most probable limit load based on tbo mission 
profile analysis concept. The general agreement is that the last named method 
of developing the damage tolerant load is the most desirable one. Structure 
is demonstrated to be damage tolerant by analysis or tests, where it is demon- 
strated that sufficient residual structural strength remains to adequately 
carry the damage tolerant load. Cracks that result from fatigue failures 
are assumed to be the major source* of damage in damage tolerance considerations. 
However, damage due to blown engine parts, fire, explosion, etc., is also 
assumed. 

Damage tolerant structures take the form of multispar wings and tail surfaces 
with redundant structure, alternate load paths and crack stoppers. Such 
provisions exact some penalties in weight and cost, but close attention to 
good design practice can minimize them. Although damage tolerant structures 
are not usually offered in the general aviation industry, their inclusion is 
strongly recommended and can provide a higher level of safety than non-redundant 
over-strength structural members. 

The doctrine of crashworthiness is based on the contention that there will 
always be combinations of circumstances which can and do result in unusually 
severe impacts with the ground, despite the fact that the aircraft may be 
designed to high levels of safety. To aid in the design for crash safety, 
one of the most comprehensive reports on crash statistics is embodied in Reference 
5.8.2 B. In aircraft design practice, the subject has been relegated to minor 
importance in the past. However, it is gaining increasing impetus in automobile 
design, and may do likewise in general aviation, as the number of vehicles in 
service increases. The provision of reasonable crash safety might become one 
of the factors which will induce more people to use flying in lieu of ground 
transportation. 

Reference 5*8*6 treats this subject very thoroughly in its application to 
helicopter structures. However, most of the text is applicable to airplane 
structures, as well. Figure 5.8.1 . from that paper, shows a longitudinal 
cross-section of the OH-bA helicopter, noting the provisions designed to increase 
crash safety. The record of this craft has been exceptionally good. One of 
them attained a vertical impact velocity of 30 fps in a crash, involving no 
injury to the pilot and relatively minor injury to the observer. Another, 
involving 20 fps and peak vertical accelerations of 12 to 15 g in the cockpit 
area, had similar results. Figure 5 . 9 « 2 „ also from Ref. 5*8*6, compares the 
effects of plastic versus elastic deformations, indicating the desirability 
of using a maximum amount of plastic deformation. Figure 5*5*3 shows the ideal 
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energy absorption capabilities, versus weight, for various materials. The 
more advanced of the current helicopters provide crash load factors from 2.5 
to 5*0 times the minimum FAA requirements, with weight penalties as indicated 
in Figure 5.6.4 . 

A proposed cost effectiveness method for arriving at an optimum crashworthi- 
ness design criteria objective for a particular design is shown in Figure 
5»8 .5. Both cost and weight penalties can be estimated in terms of dollars 
per pout d of vehicle weight during the preliminary design phase, and similarly 
the cost of the probability of nonsurvival in crashes of various impact velo- 
cities can be estimated,, using insurance methods. The total of the cost of 
provision.* against crash risk, plus the cost of the remaining risk of nonsur- 
vival equals the total cost per pound assigned to the aircraft from the crash- 
worthiness standpoint. The minimum point on the curve at d(x+y)/dV c - o 
indicates the optimum crash impact velocity that should be used for design. 

The authors of Ref. 5. 0*6 conclude that design for crashworthiness and survi- 
vability must be approached as an impact problem, rather than one of strength 
or acceleration, since excessive strength, without adequate provision for 
deformation under load, has been shown to decrease, rather than increase, the 
chances for survival of the occupants. 

In this context, the air cushion landing gear concept, described in Section 
5.5*2 should serve as an excellent crash arrester in a vertical impact situation 
resulting from a takeoff or landing accident. Energy is dissipated by escape 
of the air through the peripheral slot, and the deformation distance is compara- 
tively large. Of more importance, however, is the fact that the load is reacted 
uniformly over the bottom of the aircraft, rather than at concentrated joints, 
causing the substructure to act as an efficient secondary impact absorber. 

Pressurized fabric structures for aircraft have been developed, culminating 
in completely inflatable airplanes. While structural and aerodynamic limitations 
prevent the widespread use of inflatable structure, it could be applied to 
potential impact areas, such as the nose of the fuselage, with pressure relief, 
or blowout valves to control the energy dissipation upon impact. 

Reference 5*8.10 lists some desired crashworthiness features as follows: 

° Secure seat tie-down and seat energy absorption properties 
° Secure occupant restraint 

° Removal of lethal objects and surfaces from the occupant-impact envelope 
• Secure attachment of interior furnishings 
° Suppression of fire and smoke 
° Quick routes for evacuation 

Th& effect on aircraft weight and performance cf a landing gear designed 
for higher sink speeds, and the effects of designing the primary structure 
for higher load factors, together with structural crashworthiness, has been 
determined in the sensitivity analyses. There is a strong feeling that landing 
gear collapse due to hard landings, or structural failures due to unqualified 
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pilots who lose control in IFR weather and overload the structure, are insuf- 
ficient causes for the industry to redesign landing gear and structure. This 
would amount to penalizing the entire general aviation community, in terms of 
additional cost and/or reduced performance, for the occasional benefit of a 
few of their unqualified members. If the increased cost is considered reason- 
able, changes may be worthwhile. 

Since engineering solutions in the areas of structural design for crashworthi- 
ness and survivability are presently known, evaluations can be made of increases 
in weight and associated costs. Although weight increases may be nominal, 
the additional engineering and testing required may be significant. Looking at 
the problem objectively, however, crash avoidance is far more cost-effective 
than crash survivability. Therefore, design effort and financial investment 
can be applied more profitably in pursuit of accident prevention. 

5.8.3 Fire Prevention 

Use of tear-resistant bladder fuel tanks with self-sealing, breakaway fittings 
offers a reduction in fire hazard following a crash, but present systems are 
comparatively heavy and expensive. Automatic fuel shutoff devices in the event 
of a crash would also assist in fuel containment. Their use will be evaluated 
in the sensitivity analysis portion of the study. Ref. 5*8*25 treats this 
subject in detail. 

Explosion prevention systems have been developed for military aircraft operating 
in the combat zone. They take the form of gas inerting systems and the use of 
reticulated foam-filled tanks. The latter system utilizes the principle of 
wetting the foam to preserve a fuel-air mixture too rich for ignition and can 
be considered to have higher reliability. 

Fire occurrence in the air is less likely than that following a crash, but 
nevertheless deserves consideration. The most common source of this occurrence 
is the power plant. Fuel leakage into the engine compartment must be counter- 
acted by the provision of adequate drainage. Electrical devices in such areas 
should be encapsulated. Fire detection, warning and extinguishing system instal- 
lation should follow the practice of military and commercial transport aircraft. 

The installation of wing tip tanks represents an approach to the enhancement 
of crash safety by locating the fuel as far from the cabin as possible. These 
tanks, in some cases, can be jettisoned and in other cases can be equipped with 
impact-breakaway fittings and fuel line connections. The increased parasite 
drag of these units is offset by reduced lift-induced drag, due to end plate 
effect. Moreover, their mass distribution tends to relieve maneuvering and 
gust loads, but is detrimental to landing loads. They have been used sparingly, 
in the past, on general aviation aircraft and are believed to be less desirable 
and no safer than the use of flexible fuel cells located in the outboard portion 
of the wings. 

A less likely cause of in-flight fire is lightning strikes. These usually 
initiate at extremities of the airplane - nose, tail and wing tips. Since 
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wing tips are close to wing fuel tanks, this poses a question of relative 
safety. The aforementioned fuel-air explosion prevention systems are equally 
effective, in this case. The bonding of metal surfaces is good practice. In' 
the case of plastic structures, sprayed-on aluminum coating is advisable. 

5 . 8.4 Attitude Stabilization 

A single axis autopilot is certainly a useful piece of equipment, primarily 
for relieving the pilot during long trips. It is used primarily about the 
roll axis as a "wing leveler.” It may also have some virtue in terms of added 
safety, should an unqualified pilot find himself in instrument weather condi- 
tions. 

The major obstacle to more widespread use of this device is cost. The lowest 
priced single axis autopilot listed in the 1970 Business and Commercial Aviation 
Planning and Purchasing Handbook is $495 1 with prices going up to $ 2 , 000 . 
However, it is included as standard equipment in some aircraft. This equipment 
is discussed more fully in Section 5*4* From a safety point of view, the 
inclusion of single axis autopilots would seem to be desirable. 

A discussion with aviation insurance underwriters on this subject disclosed, 
however, that no dollar value (in terms of reduced premiums) could be placed 
or. this feature until operating experience had been gained over a long period 
of time. Their rate structure is based primarily on aircraft valuation and 
pilot experience. The aircraft valuations are more or less standard, but much 
emphasis is placed on pilot qualifications. For example, a pilot who is 
instrument rated can expect a premium reduction of from 25 - 40$* This 
correlates with previous findings in this study that the pilot is the weak 
link in the safety chain. 

5 . 8.5 Environmental Factors 

The following statement on this subject has been contributed by Mr. George 
M. Cash, head of the Aerosystems Research Department of Cornell Aeronautical 
Laboratory: 

’•With regard to the question of the application of advanced technology 
to general aviation aircraft, the real question is exactly what areas must 
be attacked in order to increase the utility and safety of these aircraft. 
It is true that many costly changes could be made to both the aircraft 
and their environment, but the effects on utility or safety may be minimal. 
Unfortunately, the serious problem areas facing general aviation seem to 
boil down to operations in unfavorable weather, primarily thunderstorms, 
icing and high winds, and single-engine operations at night. Other 
advancements could be made in peripheral areas and these will be mentioned 
briefly. 

’’Operations in thunderstorm areas are usually considered questionable for 
any aircraft, but especially so for aircraft with relatively light wing 
loadings and low excess power. The pendulum, after several air carrier 
accidents, seems to be definitely swinging back toward wide avoidance, 
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rather than radar assisted penetration of storm areas. Even with modern 
air carrier aircraft, actual penetrations of the main cell are avoided 
if at all possible. It would seem that design changes directed toward 
building general aviation aircraft capable of routinely penetrating 
thunderstorms would never be acceptable. Rather, efforts should be 
directed toward better weather forecasts and readily accessible inform- 
ation as to exactly where the storms are located and what they are doing. 

This information would not be used for inflight vectoring, as the burden 
on ATC would be unacceptable, but would allow the pilot to make an accurate, 
and safe, go-no-go decision. As it is now, the forecasts are generally 
conservative to the point where trips are unnecessarily delayed or cancelled. 
After a few such experiences, pilots sometimes ignore the forecasts with 
occasionally upsetting or disastrous consequences. 

"Icing encounters are somewhat different. Feasible changes could be made 
to the aircraft to allow operation in particular situations and include: 

1. Propeller deicing (electric), 

2. Windshield deicing (electric/hot air), 

3. Airframe deicing (pneumatic /hot air). 

"As with thunderstorms, however, one of the most dangerous aspects con- 
cerns the uncertainty associated with the forecasts. The extent and 
severity of the icing must be quantitatively given, and the effects of 
a given level of icing must be known for any particular airplane. Only 
then can maximum utility be achieved safely. Much information which 
should be readily available through airline pilot reports or data link 
(ceilings, .cloud tops, freezing levels) is simply not accessible to the 
general aviation pilot. 

"For routine instrument approaches, a simple heading hold or more elaborate 
approach coupler would be very valuable, especially for single pilot 
operations. A simple autopilot also greatly assists the pilot during the 
enroute phase. 

"Night flying would probably increase if there were more lighted (alternate) 
airports, much better enroute weather information and better lighting 
in the cockpits. Instrument faces are often hidden in dark corners and 
map lights are sometimes essentially useless. These seemingly trivial 
points can be a real source of aggravation. 

"Some peripheral items could be greatly improved, especially in the area 
of getting information to the pilot. All flight information should be 
computerized and made available, by route, to pilots at any airport. 

A complete printout of all weather, airport and facility information 
should be a routine matter. The present system of a four-volume set of 
airman’s information manuals seems unwieldy and outmoded. At controlled 
airports, ground handling should be done through the use of lighted 
directional signs. Runway and wind information, etc., could be given 
in the same way. Standard departure and approach paths should be utilized, 
including definite corridors for high performance aircraft. Airport 
terminal information service (ATIS) should be provided on outlying VOR's 
not at the VOR servicing the airports. By the time the pilot can understand 
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the sometimes garbled voice information, he is quite close to the airport. 
Charting for VFR is improving, but approach control frequencies, rather 
than tower frequencies, should be shown. These are relatively small 
points, but they do add to the complexity of the present operation. 

"In summary, better services primarily in the transmission of information 
to the pilot, especially weather, are required. This is vital when dealing 
with thunderstorms and icing. Design changes will probably not alleviate 
the thunderstorm problem, but could definitely assist operations during 
icing conditions. More accurate weather information would increase both 
utility and safety in both cases." 

Avoidance of adverse weather conditions covld be made independent of ground 
control by the inclusion of weather radar. The present obstacle, however, is 
cost, since the most inexpensive -units cost from $6,600 to $7*800. Until a 
reliable, low cost weather radar is developed, reliance must be placed on 
ground-based information. Additional discussion of thiw subject is included 
in Section 5*4. > 
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5*9 VTOL Technology 


5.9*1 Introduction 

VTOL aircraft, in the present and emerging state-of-the-art, fall into four 
main categories* fixed rotor, tile rotor, retractable rotor and fixed wing. 

The first three fall into the low disc loading classification, while the fourth, 
exemplified by jet - and fan-lift systems, has inherently high disc loading. 

Since it is necessary to have low disc loading in order to meet the low noise 
level constraint of this study, fixed wing concepts have not been considered. 

Low disc loading is desirable not only from the noise standpoint, but also 
because of ground erosion considerations. While the minimum cruise speed con- 
straint, in Category IV, of 150 knots can be met with a pure helicopter design, 
it was considered expedient to look at configurations with a higher speed 
potential. Either the tilt wing or the tilting rotor can, at least, double 
the minimum required cruise speed. "Compounding" the helicopter can increase 
its speed to 200 knots or more. The technology relating to these approaches 
will be examined in the following subsections. 

5.9.2 Hovering Capability 

A true VTOL aircraft must be capable of sustained hovering flight, and this 
requirement excludes the autogyro, which is basically an STOL vehicle. Figure 
5.9.1 presents a plot of disc loading versus power loading for several groups 
of VTOL configurations of interest to this study. The autogyro has been included 
for reference only. Each group is represented by a shaded area surrounding a 
number of discrete points which represent actual aircraft (except for the tilt 
rotor area obtained from Ref. 5.9*3) • Superimposed on this plot are lines in- 
dicating "Figure of Merit," a function of power loading times the square root 
of disc loading. This parameter has long been used to indicate the hovering 
efficiency of helicopters. It can be seen that, as the disc loading is increased, 
the more gradual decrease in power loading creates higher Figures of Merit. 

This does not necessarily mean that the high disc loading configurations are 
more efficient in the overall sense. Figure 5.9.2 presents a similar plot, 
obtained from Ref. 5.9 .3* In that paper, the ordinate was labeled "Vertical 
Lift Efficiency," which the authors consider to be a more meaningful criterion 
than "Figure of Merit" - they contend that the latter criterion should be used 
to calcuiate the vertical lifting efficiency in any one class of geometrically 
similar rotors, fans, etc. The ordinate of the graph represents the pounds 
of weight lifted per shaft horsepower and is the same as "power loading." The 
solid curve represents an average for advanced technology aircraft. The dashed 
curve, in the realm of helicopters, represents the single rotor configuration, 
which is below the average because of the power required for the tail rotor. 

The tilting proprotor, on the other hand has counter-rotating main rotors, as 
does the tilt wing, requiring no torque correction, which puts it above the average. 

Reference 5.9*12 points to the downward variation of optimum disc loading with hover 
time for a typical VTOL mission. As helicopters decrease in size, the magnitude of 
the optimum disc loading range decreases. The balance between disc loading and power 
loading must be optimized on a cost basis and be made compatible with the desired 
cruising speed, the noise constraint and the anticipated surface conditions. 
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5.9*5 Forward Speed Capability 


The helicopter, in which the rotor disc is tilted to relatively small angles 
to achieve forward speed, is basically subject to a speed constraint. To 
quote Ref. 5*9." s 

"All rotary-wing aircraft have a theoretical maximum speed which 
cannot be exceeded without stowing, retracting, or in some way 
eliminating the rotor. Assuming a rotor has constant blade tip 
speed, as the rotorcraft itself approaches this speed in forward 
flight, a retreating blade tip approaches a net zero forward velocity, 
so that tne entire blade is stalled. A faster rotational speed can 
delay such stalling of the rotor blades, but another limit is set by 
the net velocity of the advancing blade tips. Here the flight speed 
is added to the rotational speed and the blade tips approach sonic 
velocity (Mach 1 ) with accompanying compressibility effects of 
buffeting and increased drag. Thus the speed of rotation on a fast 
rotary-wing aircraft is a compromise between the two extremes set 
by the advancing and retreating blades in forward flight.” 

”In Figure 5.9.3 » forward speed is plotted against rotor blade tip 
speed. The (hatched^ diagonal lines show what might be considered 
theoretical forward speed limits for rotary-wing craft, given the rotor 
rotational speed. The tip-speed ratio is the forward speed divided 
by the blade-tip rotational speed} at a tip-speed ratio of 1.0 (shown 
by the diagonal line on the left), there is reversed airflow over the 
complete length of a retreating rotor blade. At a tip Mach number of 
1.0 (shown by the diagonal line on the right), an advancing rotor 
bla3e is likely to encounter severe compressibility effects. As might 
be expected, the two diagonal black lines intersect at a point where 
both the forward speed and the blade-tip rotational speed are equal 
to half the speed of sound - JtiO mph at sea level.” 

"However, there are obvious difficulties in the way of a rotorcraft 
aspiring to attain this speed. The lower diagonal line on the right 
represents a constant blade tip Mach number of 0.95 and the one on 
the left represents a constant tip speed ratio of 0.75 - here 75$ of 
the inner blade length is in reversed airflow due to the slower 
rotational speeds of the blades nearer to the hub. The two lower 
diagonal lines intersect at a point representing a forward speed of 
about 500 mph - a speed generally accepted to the the practical maximum 
speed for a rotary wing aircraft.” 

"Hie shaded area on Figure 5*9*5 shows combinations of forward speeds 
and rotor speeds which have been evaluated by flight testing to date. 

The left portion of this area, at the lesser blade-tip speeds, repre- 
sents autogyro flight experience; the right portion, pure-helicopter 
experience; and the top portion, experience of compound helicopters 
which, understandably, have attained somewhat higher forward speeds than 
pure helicopters.” 
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"The shaded area also represents the extent of hinged-rotor experience. 
Although flapping highes made the earlier developments on rotocraft 
possible, they have become an increasing embarrassment as performances 
have approached the apex of the intersecting diagonal lines on Figure 
5.9.3. Consequently, the development of non-articulated rotors, semi- 
rigid rotors, and partially stiff blades has been an industry goal for 
many years as a necessary adjunct to extend the performance of the 
helicopter to the ?00-mph mark. The dash lines on Figure 5*9.3 intersect 
at 272 mph, which indicates the extent to which this promise has been 
fulfilled to date by the XH-51A series of rigid-rotor helicopters. The 
XH-51A compound which achieved this mark is only a test vehicle, but the 
knowledge gained will hopefully pave the way for large rigid-rotor 
compound-helicopter transports with cruise speeds in excess of 250 mph, 
as well as faster helicopters for application in many other commercial 
and military roles.” 

”Figure 5.9.4 is self explanatory, and gives some idea of helicopter 
development by plotting, against time, the maximum speeds of some out- 
standing rotary-wing craft.” 

5.9.4 Balanced Power Performance 

Ref. 5*9.6 explains this concept in the following words: 

"A fundamental characteristic of low-disc-loading VTOL aircraft beyond 
the helicopter — is that they have sufficient installed engine power 
to permit attainment of relatively high subsonic cruise speeds, pro- 
vided they are of reasonably clean aerodynamic design. It can be shown 
that the cruise speed ^ T /n 

V cr - 526 (te , tS ) 

where is propulsive efficiency, L/D is airframe lift/drag ratio and 
W/shp is gross weight power loading in pounds/horsepower, all for the 
ambient conditions at any cruise point.” 

The pure helicopter is capable of economic, sustained cruising speeds of 125 to 
175 knots, while the compound helicopter can reach 200 knots, or higher. Above 
that level, however, the tilt rotor, tilt wing-propeller or retractable rotor 
concepts must be resorted to, provided that low disc loading must be maintained. 
Ref. 5. 9 *6 shows that the tilt proprotor concept is capable of attaining a 
cruise speed as high as 400 knots, including an h/D ratio of 1 4.3 and a pro- 
pulsive efficiency of 86$, with a power loading as high as 10 lbs/shp. 

5*9*5 Compound Rotorcraft 

Combinations of rotors with wings are described in Ref. 5*9.12 as follows: 

"All of the lift systems can be combined with wings to unload a rotor in 
forward flight and relieve stall and compressibility effects. The speed 
potential can be increased further with auxiliary propulsion. The tilt 
proprotor transfers all of the lift to the wing in high-speed flight and 
then continues as an airplane with the proprotor serving as a propeller. 
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Stoppable rotor systems also transfer all lift to the wing in high- 
speed flight, using auxiliary propulsion for forward flight. After 
the rotor is stopped, it can be feathered, faired, or retracted to 
reduce its drag, indicating the speed potential of a fixed-wing air- 
plane. The lifting fans may be independent of the wing and rotate 90° 
for propulsion in high-speed flight. Alternatively, the fans may be 
buried in the wing and faired over for high-speed flight with an 
auxiliary system for propulsion. The direct jet lift devices with a 
wing are similar to the fan combinations." 

Two VTOL configurations have been examined in this study: the pure helicopter 

and the tilt wing-propeller. This is not to imply that the compound helicopter 
and the fixed wing- tilt proDrotor concepts are not competitive. The study 
investigators were more familiar with the design procedure for the two concepts 
which were analysed. 

5.9*6 Rotor Design 

Helicopter rotor systems are classified by configuration (or arrangement) and 
by type. Configurations include: single rotor, tandem rotors, side-by-side 

rotors, and coaxial rotor. Types include: fully articulated, semi-rigid (or 

teetering) and fully rigid. In the classification of rotor arrangement. 
Reference 5*9*12 offers a good description: 

"The most familiar rotor configuration is the single main rotor with 
antitorque tail rotor arrangement. The advantage of this type is 
the relative simplicity, with the saving in weight compensating for 
the small power loss due to the tail rotor. The tandem rotor con- 
figuration offers the advantage of large fuselage volume. Disadvantages 
are high transmission and shafting weight and a loss in efficiency in 
forward flight* The side-by-side configuration is more efficient in 
forward flight, because of the aspect ratio effect, but suffers from 
fuselage drag and/or high structural weight. This configuration also 
requires extensive gearing and shafting. In Idle coaxial machine, Idle 
net rotor torque is largely eliminated by using two superimposed rotors, 
rotating in opposite directions. The coaxial design offers the advantage 
of compact over-all dimensions defined only by the rotor diameter and 
the directional control configuration. The rigid rotors, hub, and 
controls become more complex. Intermeshing rotors are essentially 
equivalent to a side-by-side design with a high degree of overlap and 
are quite similar to coaxial types. Some lifting efficiency is sacri- 
ficed for compactness and transmission simplicif ications * " 

Ref. 5*9*10 shows how these configurations compare based on NASA wind tunnel 
tests* The power requirements of the tandems are substantially 

greater than those of the single-rotor or side-by-side configurations for the 
same mean load per blade. However, that the power penalty is only a single 
ingredient of the overall "efficiency" of a configuration, and should not be 
construed as evidence that the tanciem is undesirable. One advantage of the 
tandem arrangement is that it offers a higher range of C.G. travel compared to 
that of. other arrangements. 


Reverting to the discussion of individual rotor design concepts, one reason 
for the present speed limitations of helicopters below the potential dis- 
cussed in Section 5.9*3 is the poor stability and control characteristics 
associated with the conventional helicopter's hinged rotor system. The speeds 
obtained by XH-51A versions - 201 mph for the pure helicopter and 272 mph for 
the compound modification - are significant because they represent the in- 
creased future potential of the helicopter. An even higher speed, J>l6 mph, was 
obtained with the Army/Bell HPH compound helicopter, flown in 1969 and 1970. 

The XH-51 versions had a "rigid" rotor design, while that of the HPH was semi- 
rigid. Rigidity is a matter of degree, since no structure can be completely 
rigid under load. Increased rigidity raises the level of stability, as well 
as increasing the margin of control power. Representative drawings of the 
hub and blade, as applied to the AH56A "Cheyenne" helicopter, are shown in 
Figure 5*9* 5, obtained from Ref. 5*9*2. 

5*9*7 Tilt Proprotor and Tilt Wing-Propeller Problem Areas 

In the tilt proprotor concept, the wing i?i rigidly fixed to the fuselage, and 
only the engine-propeller units are rotated. While this system has the dis- 
advantage of generating a higher download in hovering, due to projected wing 
area in the slipstream, it presents less problems in the low speed portion of 
the transition dui to wing stall, provided that it flies within the "conversion 
corridor" shown in Figure 5.9* 6* obtained from Ref,. 5*9*8, in which the con- 
version angle is measured from the vertical position. This diagram typifies 
a concept which resulted from the Army's Composite Aircraft Definition Phase, 
reported in July 1967* This model had a disc loading of 12, a wing loading of 
73 and a power loading of 4.1. During the process of conversion, lift is 
gradually shifted from the rotors to the wings, with no discontinuities in 
flight characteristics. The helicopter mode is defined by a conversion angle 
of less than 15 degrees and the conversion mode from 15 to 90 degrees. The 
minimum conversion speed limit is that imposed by wing stall, and the upward 
curve of this boundary at speeds below 70 knots results from rotor downwash on 
the wing, reducing the latter's angle of attack. The minimum conversion speed 
is defined as 120$ of the stall speed. When limited by the maximum speed 
boundary, the corridor is approximately 70 knots wide. While this could be 
considered tolerant enough to eliminate the need for scheduling conversion angle 
with speed, safety considerations might dictate the use of a scheduling device 
for general aviation use. 

The control system of the tilting proprotor configuration utilizes separate 
actions for helicopter and high speed (airplane) flight. In the helicopter 
mode, roll is controlled by differential collective pitch; pitch is controlled 
by tilting the tip path plane of both rotors by simultaneous fore-and-aft cyclic 
pitch changes and yaw is controlled by differential fore-and-aft cyclic pitch 
changes, tilting the tip path plane of one rotor forward and that of the other 
aft. Thus the cyclic pitch control is termed "Monocyclic," since it tilts the 
rotors in one plane only. Airplane controls for high speed flight consist of 
conventional ailerons and elevator; however, differential collective proprotor 
pitch is used for yaw (Ref. 5* ‘9 *8 does not state why rudders are not used). 
Control sensitivity, expressed in terms of radians/sec 2 per inch of stick travel 
increases with speed in the pitch and roll attitudes, until conversion speed is 
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reached. The change-over from helicopter to airplane controls while the discs 
are rotated decreases the sensitivity, particularly in the direction of roll. 

After conversion, control sensitivity increases with speed in the conventional 
manner. Yaw control sensitivity remains substantially constant throughout the 
flight range. 

Other tilt proprotor problems, according to Ref. 5*9.6, which were encountered 
with the XV-3 aircraft and for which solutions were eventually determined, 
include s 

- Large flapping amplitudes 

- Proprotor/pylon dynamic stability 

- Short-period aircraft dynamic stability 

- Oscillatory blade loads in grists and maneuvers 

In the tilt wing-propeller concept, the wing remains at a constant incidence 
angle to the propeller, and the entire assembly is rotated. The propeller slip- 
stream blowing over the wing tends to keep the wing from stalling during the 
transition despite the high angle-of-attaek of the combination? however, stalling 
is still likely bo occur in some conditions. Some of the factors involved are 
illustrated by the velocity vector diagrams of Figure 5.9.7. obtained from Ref. 
5.9*11* In all three conditions - level flight, climb and descent - the angle- 
of-attack between the resultant velocity vector and the thrust line, plus the 
wing incidence angle relative to the thrust line, become the actual angle-of- 
attack of the wing. If this angle should exceed the normal stall angle of the 
wing section, the wing will stall, and the amount of lift lost is a function of 
the tilt angle in relation to the flight path. In climb, the direction of the 
free stream velocity vector is more favorable, and the thrust vector is greater 
than for level flight, both of which decrease the wing angle-of-attack. Con- 
versely, in descent, the free stream velocity vector is less favorable and the 
thrust vector is of less magnitude, both of which aggravate the tendency toward 
wing stall. 

The effect of wing stall on power required in the transition is shown in Figure 
5.9.8 (also from Ref. 5.10.11). The power-required curve for a tilt wing with- 
out a flap, which stalls during the transition, is far above the ideal curve 
throughout most of the transition speed range. When a flap is added to a wing 
of the same size, the absence of stalling reduces the power-required curve to 
close proximity with the ideal curve. The higher portion of this curve, between 
hover and 5 knots, reflects a small portion of thrust lost by deflecting the 
slipstream - however, the flap setting can be programmed to *ero for hovering, 
if desired. 

The effect of slipstream deflection by a flap on the wing angle-of-attack is shown 
in Figure 5.9.9 from Ref. 5.9.11. In order to eliminate the effect of the basic 
lift coefficient of the wing as a variable, the unflapped wing was assumed to 
be large enough to give the same maximum lift as the flapped wing, in the power- 
off condition. Both combinations are shown at an angle-of-attack which will 
produce the same resultant slipstream direction after leaving the wing. In this 
case, both lift and net drag (zero) are the same. The angle-of-attack of the 
flapped configuration is lower because it turns the slipstream through a large 
angle. Although this angle is 6 degrees for the flapped wing, in comparison with 
16 degrees for the unflapped wing, the difference is partially offset by the fact 
that the flapped wing stalls at a lower angle (by 5 degrees in this case). 






An exact method of determining the amount of wing and flap required to avoid 
stall in a descent had not been developed at the date of Ref. 5.9.11. A 
chart, however, shows that a ratio of extended wing chord (including slat and 
flap along the line of curvature) to propeller diameter of about 0.7 is required 
to preserve satisfactory handling qualities at a 5-degree descent angle. This 
ratio is rather high, considering the relatively large propeller diameters 
required to maintain the constrainted noise level and the desire to hold wing 
area to a minimum for efficient cruise flight. One possible alternative is 
to employ blowing over the upper surface from a slot just aft of the leading 
edge, in connection with an expandable boot, as shown in Section 5*6, Figure 
5.6.2. This device would perform double duty as an anti-icer in adverse weather. 

5.9.8 Power Transmission 

All rotor and propeller VTOL aircraft, as well as some propeller STOL aircraft, 
incorporate trai: smission systems which effect large reductions in RPM between 
the engine and the rotor/propeller. In addition, there is the problem of remote 
drive, which is manifested in tail rotors, interconnected propellers or rotors 
and remote reaction control fans. The helicopter, propeller and specialised 
gearbox manufacturers have developed lightweight and reliable gear transmission 
systems, including shafting with couplings and bearing supports. 

There does not appear to be much improvement in gearing available for the future, 
unless some of the new materials, such as high-strength alloy steel, titanium 
and fiber composites can be applied. The noise aspect of gearing may become 
critical when propeller and engine noise outputs are reduced to the desired 
level. One possible substitute is the use of belt drives, with which both the 
problems speed reduction and remote location might be solved. While V-belt and 
"timing” belt drives have been used extensively in low power transmission applica- 
tions, little if any experience has been accumulated with drives combining high 
power and high speed at the driving end. It would appear that this is an appro- 
priate area for future research, making full use of new material technology. 

The development of drive shafting has proceeded along the line of achieving weight 
reduction by increasing rotational speed, and hence torque for a given level of 
power transmitted. Figure 5.9.10. from Ref. 5.9.4, shows three systems as 
evolved by a leading helicopter manufacturer for tail rotor drive, categorised 
by speed ranges. The small diameter, sub-critical system (up to about 6000 RPM) 
incorporates multiple semi-rigid bearing supports although others have used large 
diameter shafting, with relatively few supports, in this speed range. The super- 
critical system uses fewer bearing supports, which incorporate viscous damping 
and adjacent flexible couplings at either end, with rigid intermediate shaft 
connection. While only one viscuous damped support is, required, a second would 
be added for fail-safe design. This system has the dual, ^attractions of light 
weight and low cost. 

The patented viscuous damped bearing support is shown in an inset to Figure 5.9.10. 
It incorporates an elastomeric, torus shaped element, filled with a fluid which 
has a viscosity that is relatively insensitive to temperature changes. The spring 
rate can be controlled between 200 and 5000 lbs/in., allowing for considerable 
variance in airframe spring rate at the various bearing locations. It would 
appear that further weight reduction in shafting could be realised by the use of 
fiber-composite materials. 
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5.9.9 Weight Trends 

Figure 5*9*11 . from Ref . 5.9*3* shows the probable weight reduction trend of- 
vtujj aircrait, expressed as the percent of Weight Empty to Gross Weight. The 
dash lines are extrapolations of the weight ratios from 1980 (the limit used 
in Ref. 5.9*3) and 1985* the time frame of interest to this study. They are 
representative of fully equipped aircraft with free turbine engines and military 
interiors (except for armor and survival equipment). The solid lines assume 
the use of titanium and high strength steel for highly stressed structure but 
not fiber composites, nence, the extrapolated lines at the same reduction 
rates would seem valid when considering the introduction of composites in the 
later period. The aircraft have minimum hovering ceilings of 4,000 ft. at 
90 °F. 

5 . 9.10 Other Design Factors 

A list of additional design considerations, obtained from Reference 5.9*12, 
is as follows: 

o Thrust match 
o SFC (hover and cruise) 
o installation penalities 
o Engine-out or autorotation safety 
o Development and production cost 
o Service availability 
o Simplicity 
o maintainability 
o Reliability 
o Ground Effects 
o Power response in hovering 
o Vibratory loads and frequencies 
o Control power and damping 
o Instrumentation and displays 

In the design of VTOL aircraft for this study, all of the above listed factors, 
as well as those discussed previously have been considered, although the scope of 
the study does not permit detail design investigations. While the pure helicopter 
emerges at the optimum configuration under the constraints imposed, a more 
detailed study might show the tilt proprotor concept to advantage, with particular 
reference to its higher speed capability 
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FIGURE 5.9.11 VTOL WEIGHT TRENDS 
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6.0 SELECTION OP BASELINE DESIGNS 


6.1 General 


The candidate baseline aircraft designs in the four categories are subject 
to the constraints listed below. Candidate designs for each category were 
selected intuitively by a procedure to be explained subsequently. The selec- 
tion of one baseline design in each category was based on the results of the 
computerized parametric analysis program reported in Section 7.1* The selected 
baseline designs are then subjected to the sensitivity analysis program, 
using the same methodology as that of the basic parametric program. 

SUMMARY OP BASELINE DESIGN REQUIREMENTS 


Category 

Critical Field Length (ft.) 
Range (stat. miles) 

Cruise Speed (knots) 

Min. No. of Seats 


_I 

ii 

1000 

500 

500 

500 

150 

200 

4 

4 


III 

IV 

1500 

VTOL 

1500 

500 

250 

150 

6 

4 


Common Requirements 

Exterior Noise Level 
Weight Allowance per Seat 
Fuel Reserve 


75 PNdb at 500 ft. 

220 lbs (including baggage) 
45 Min. 


A number of practical configuration combinations were evolved for consideration 
in each category. An intuitive selection process was implemented in order to 
reduce the numbers to 2 or 3 for analysis and optimization. This was accomplished 
by creating a point system, assigning weighted maximum point values to such 
criteria as cost, safety, flying qualities, performance, comfort, reliability and 
growth potential •Members of the study team and the Advisory Committee (see Section 2.0) 
were asked to assign points for each criterion to all of the configurations 
nominated in each category. Results are shown in Figures 6.1 , 6.2 , 6.3 and 6.4 . 

6.2 Category I Candidates 

Preliminary effort was directed toward single engine designs with tractor and 
pusher propellers. These are sketched in Figure 6.5 . The drawings are pre- 
liminary in nature, to provide a basis for the parametric optimization analysis. 

The only unusual feature of these designs is the installation of large diameter 
propellers to meet the noise level criterion discussed in Section 5*2.9 This 
required a longer than normal landing gear. 

In this category, particularly, the choice between high-wing and low-wing 
configurations requires careful consideration. Both types are exemplified 
in current models which have high sales volume. The advantages possessed by 
each configuration are as follows: 


FIGURE 6.1 CATEGORY I PRELIMINARY CONFIGURATION EVALUATION 













FIGURE 6.2 CATEGORY II PRELIMINARY CONFIGURATION EVALUATION 
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FIGURE 6.4 CATEGORY IV PRELIMINARY CONFIGURATION EVALUATION 
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Low Wing 


High.Wing 


Permits wide track landing geaj: 
and lighter weight fixed or 
retractable gear. 

Small pitch trim change with 
flap deflection 

Easier refueling & inspection 

Better vision when turning in 
airport traffic pattern 


Good downward visibility 
Easier access to cabin 
Gravity fuel feed 

Cooler (shaded) cabin in summertime 
Sheltered entry in rainy weather 
Better lateral stability 


Since the pros and cons nearly balance each other, a decision in the matter 
is difficult and within the degree of accuracy of the input data for a com- 
puterized comparison. For the competitive examples in this study, the low 
wing arrangement has been chosen for the tractor and a mid-wing for the pusher. 
In the latter case, the wing position is to the rear of the cabin, and its 
position can be fixed by minimum drag considerations. The cost comparison 
between the tractor and pusher is shown in Section 7*5 and favors the 
pusher to a small degree. There are also other considerations as follows: 


Tractor Advantages 

Short length 0 

Small C. G. travel 0 

Lighter weight ° 

Lower drag • 

Higher lift with flaps down due 
to propeller slipstream deflec- 0 
tion. 

Better crash protection 
Stiffer tail support structure 

6.3 Category II 


Pusher Advantages 

Excellent visibility 

Lower noise level in cabin 

Compatibility with radar installation 

Better cabin access (compared with 
low wing tractor) 

Smaller tail required to meet stability 
requirements 

Candidates 


The 500 ft. over 50 ft. takeoff and landing requirement of this category 
requires an optimum combination of wing loading and power landing, with the 
latter being better expressed as thrust-to-weight ratio. Previous investi- 
gation of 500 ft. STOL aircraft in the transport category have shown that 
this requirement exacts gross weight and operating cost figures nearly as high 
as those of VTOL aircraft. This is less likely to be the case of the much 
smaller aircraft in Category II, since they are more tolerant of low-wing 
loading. The candidate aircraft illustrated in Figure 6.6 shows two concepts: 
single and dual tractor propellers, each driven by a single engine. A basic 
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necessity for this category is the use of high lift flaps which incorporate 
considerable rearward travel. Figure 5*1*4 in Section 5*1 » illustrates an 
example of the type of flap required. 

A low-wing arrangement is shown for the single propeller design, because the 
use of a large diameter propeller places the cabin in a high position above 
the ground, leaving ample room for the wing to be placed under the floor with- 
out becoming too close to the ground. For the dual propeller design, however, 
a high-wing configuration was chosen, since the propellers are mounted on the 
wing. In this case the engine power is transmitted through a right angle gear 
box by cross shafting to a longitudinal shaft from each propeller. The reduc- 
tion gearing is incorporated in outboard right angle boxes. 

In the final analysis, a single pusher propeller installation was chosen, 
similar to that of Category I. While the :?.pingement of the propeller slip- 
stream on the wing, with deflected flap, augments the maximum lift coefficient 
to a considerable degree, the resulting minimum speed is not usable in a single 
engine aircraft because it immediately becomes higher following engine failure. 

If engine failure should occur immediately after takeoff or on a powered land- 
ing approach and minimum speed vere established on a power-on basis, wing 
stall and a possible crash lar A ing would result. The pusher configuration, in 
addition to its previously cited advantages, is more compatible with large 
propeller diameters in maintaining a reasonably low cabin floor level. 

6.4 Category III Candidates 

Since this category of aircraft is directed primarily toward business use, 
it is believed that comfort and roominess should be stressed. The seating 
arrangement consists of 5 rows of 2 seats abreast with a center aisle. Since 
the specified cruising range is 1500 miles at 250 knots, the maximum endurance 
will be over 5 hours. This is believed to necessitate the installation of a 
lavatory. 

Two design approaches were selected for baseline aircraft analysis, and are 
illustrated in Figure 6.7 . They include one with high wing, twin tractor 
propellers and one with low wing, tractor-pusher propellers. 

The former has the high wing location because of the large propeller diameter 
required to meet ’he external noise level constraint, coupled with the desire 
for easy cabin access. While the design is essentially clean, a er ©dynamically, 
and should exhibit a high L/D ratio, the problem of obtaining satisfactory 
control with one engine inoperative requires careful attention to the directional 
and lateral control devices. The large propellers ahead of the wing result 
in superior flap effectiveness for takeoff and landing by the use of slipstream 
deflection. However, with the large diameter propellers required for low noise 
level, cross-shafting is required for control with one engine inoperative. 

The latter configuration has a current example in general aviation and its 
principal virtue lies in the centerline thrust arrangement, eliminating the 
problem of trim and control with one engine inoperative. A low-wing arrangement 
is indicated, both to provide for satisfactory retraction of th? main landing 
gear, and to locate the tail booms at a low level so that the ventral fins 
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protect the aft propeller at lift-off and touchdown attitudes. The large, low- 
noise level propellers result in a configuration which does not have eye 
appeal, since the cabin floor must be approximately 5' 5" above the ground, with 
a correspondingly long landing gear. This also requires high access steps 
similar to those of a large transport aircraft. 

These two approaches were assessed for the choice of a baseline configuration. 

In the sensitivity analysis, a third candidate configuration designed for 
turbofan propulsion was evaluated. This configuration, shown in Figure 6.8 , is 
an attempt to evaluate the attractiveness of high cruising speed, which is a 
number one consideration with purchasers of business aircraft. At speeds of 
350 - 400 knots, turbofan propulsion becomes attractive. Even though Category 
III requirements do not call for speeds this high, it is believed that, by 
1985, turbine engine costs could be reduced to the point where they would 
become more nearly competitive with displacement engines. Certainly the speed 
advantages of turbofan propulsion are attractive, especially at ranges of 1000 - 
1500 miles. Because of the demonstrated reliability of turbine engines, 
compared to reciprocating engines, it is believed that single engine aircraft 
would gain acceptance in the small business aircraft category, and this, of 
course, would help to make the overall cost more attractive. In this example, 
the wing and engine are sized to meet the range, takeoff and landing require- 
ments, with cruise speed a fall-out. This configuration would, of course, 
have a pressurized cabin for cruising at high enough altitude in order to 
attain the most economical performance. 

6.5 Category IV Candidates 

Category IV requirements specify a 4-place vehicle that will cruise 500 
statute miles at 150 knots with a 45-minute fuel reserve. The selected candi- 
date configurations are the helicopter, and the tilt wing-propeiler, both 
shown in Figure 6 . 9 . 

There are four currently available J. S. commercial helicopters that approach 
the study requirements, three of which have turbo shaft engines. Each of these 
vehicles are 5-plsce with cruise speeds between 110 and 115 knots and ranges 
between 200 to 390 miles with no fuel reserve. All of them fall short of the 
requirements set forth in the study ground rules. 

Section 5. 9 covers the technology applicable to the helicopter from both 
aerodynamic and dynamic standpoints. Low noise level, good low speed and 
hover capability and high speed performance are not completely compatible in 
rotor design. Kotor tip speed, number of blades and rotor solidity ratio must 
be compromised in order to satisfy the aircraft flight spectrum. Low tip 
speed and solidity are desirable for efficient hover performance. For the 
high speed forward flight condition, however, the tip speed and solidity must 
meet the requirement that retreating blade stall and rotor vibration are within 
acceptable limits. Developments in both rigid and semi-rigid rotor systems, 
plus increased power- to-v^ight ratio turbine engines indicate that the per- 
formance parameters cf this study can be achieved without the necessity of 
compounding . 
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FIGURE 6.8 CATEGORY III TURBOFAN CANDIDATE 

(6 PLACE, 1500' FIELD) 
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The following rotor parameters were used for the baseline helicopter design: 

° 4-Bladed Main Rotor 
° Solidity -0.10 
° Disc Loading - 3»4 
° Rotor Tip Speed - 550 Ft./Sec. 

Turboshaft engines currently in U. S. production that meet the power require- 
ments are rated over a range of 300 to 600 hp. Although these engines are 
fairly expensive when compared with reciprocating engines of the same power, 
it is felt that the price could be substantially reduced with high production 
rates. Further, it is felt that due to the installed weight f a 400-plus 
HP reciprocating engine the helicopter gross weight would increase to the point 
where the total airframe cost might increase enough to offset the difference 
in basic engine costs. 

In selecting a candidate in the non-rotary wing field, the requirement for 
low noise level dictates low disc loading, which implies a means of obtaining 
vectored propeller thrust. The two principal approaches to this objective 
=ire the tilt wing and the deflected slipstream configurations. Tilt wing 
designs have been exemplified by the VZ-2, the X-18, the XC-142, and the CL-84. 
Deflected slipstream designs for VTOL have been exemplified by the VZ-3 and 
the VZ-5. All of the above listed models have been flight tested with various 
degrees of success. From the experience derived thus far, two general conclu- 
sions can be drawn: 

(1) The tilt wing approach results in the best means of converting propeller 
thrust to direct lift; however, operation in the transition, with the wing 
tilted at an intermediate angle, has resulted in a number of accidents, 
blamed for the most part on wing stall. 

(2) The vectored slipstream approach, in which a wide chord flap system is 

used to turn the slipstream through angles of 60° to 70° • is inefficient, creat 
ing thrust losses of 15 to 20 percent. Smaller deflection angles, however, 
have progressively lower thrust losses, accompanied by safer stall margins. 

From the foregoing evidence, the most logical approach appears to be one in 
which both the tilt angle and the deflection angle are used in combination. 

This approach is illustrated in Figure 6.9» A single shaft turbine engine is 
used to drive two propellers through a system of lateral cross-shafting, as 
in the STOL design of Section 6.3* A relatively small, untapered wing, mounting 
two, 4-blad®d propellers, is hinged to the fuselage along the transmission shaft 
axis. The wing can be tilted to an angle of 90° above the horizontal and has a 
40-percent chord, slotted flap, which is mechanically linked to the tilt action 
and programmed to deflect to optimum angles compatible with the angles of tilt. 

A possible configuration for hovering combines a 60° tilt angle with a 40* flap 
deflection, which according to Reference 6.2 produces a vertical lift vector 
with a thrust loss of only 1 to 2 percent. However, a 90° tilt with zero flap 
angle would be more conventional. Combinations used in the transition are 
with decreasing tilt angle and increasing flap angle as a function of increasing 
air speed. 
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A critical element of any VTOL design is the means of obtaining satisfactory 
trim and control about all axes. Longitudinal trim and control are obtained 
from the use of a forward ducted fan, having variable pitch blades, described 
in Reference 6.4., This location of the fan permits the nose-down pitching 
moment of the hovering airplane to be trimmed with a lifting force. When the 
wing tilt angle is reduced to. 30°, representative of STOL operation, the all- 
movable horizontal tail becomes immersed in the slipstream, which will probably 
obviate the need for fan thrust. At some selected angle of tilt (probably 30°), 
this action can be phased out and assumed by the ailerons. The latter are 
inset into the outer portion of the full span flaps, where they are immersed 
in the slipstream and provide directional control in hovering and in the slow 
speed portion of the transition. 

Except for the introduction of wing tilt and the limited use of slipstream 
deflection, the design bears some similarity to that of the VZ-3» flight tests 
of which are reported in Reference 6.3» The limitations of that vehicle were 
adverse ground effect and poor flight path control. Subsequent research and 
development, however, have served to overcome most of the early difficulties. 
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7.0 


PARAMETRIC ANALYSIS 


7.1 Methodology 


The parametric analysis procedure used in this study is applicable to optimi- 
zation of the present technology baseline designs, covered in this section, and 
to the sensitivity analyses, covered in Section 8.0. The computerized analysis 
has the capability of estimating performance, costs, and weights. Figure 
7.1.1 shows a flow diagram of the procedure. Three different flap configura- 
tions can be employed in addition to leading edge slats. The program has the 
capability of employing either conventional reciprocating engines, advanced 
reciprocating engine/rotating combustion engines, or turboprop engines. The 
program can select propellers for various noise levels. The various types of 
structural material to be investigated and advanced aerodynamic features can 
also be analyzed. 

Initial inputs to the analysis comprise aspect ratio, cruise speed and altitude, 
cruise propeller efficiency and cruise profile drag coefficient. The cruise 
profile drag coefficient is determined on the basis of dimensional data and 
cruise speed utilizing a separate subroutine. Cruise power is then determined 
after which the range, specific fuel consumption and the weight subroutine 
are entered, using an assumed gross weight. On the basis of the assumed 
gross weight, a gross weight is calculated. If this calculated gross weight is 
not within a specified tolerance of the assumed gross weight, iterations are 
performed, using the calculated gross weight as the assumed weight, until the 
assumed and calculated weight are essentially equal. 

In all cases, the take-off speed is assumed to be 1.2 times the power-off 
stall speed, since a great number of the configurations are single engine, 
where the aircraft should be in an acceptable flight regime even with an 
engine failure. After take-off, it is assumed that the airplane follows a 
curvilinear flight path until a steady state rate of climb is set up, which 
is continued to 50 feet. 10 percent excess lift is always available during 
the pull-up to establish the climb to 50 feet. 

Climb is assumed at normal (take-off power, except that the variation in power 
with altitude for a normally aspirated engine is assumed. It is assumed in 
this study that the induced drag is equal to twice the zero lift drag rather 
than three times the zero lift drag, which is the point for minimum power 
required. This point is used, rather than the minimum power point, in order 
to facilitate engine cooling and to cover more distance during climb. Rate 
of climb is obtained at an altitude equal to two- thirds of the cruise altitude. 
Time to climb is found by dividing cruise altitude by climb rate, and the 
engine power times the specific fuel consumption times climb time give fuel 
used during climb, and distance is climb velocity times climb time. The 
cruise range is assumed to be the range required for the category airplane 
plus an additional 45 minutes at cruise speed, less the climb distance. Thus, 
for Category Is 
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FIGURE 7.1.1 PARAMETRIC FLOW DIAGRAM 
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D is climb distance, and the other number refer to the distances reserves 
and speeds for Category I. The total fuel is determined by a take-off allow- 
ance equal to 5$ of the engine horsepower in pounds, plus the climb fuel used, 
plus the cruise fuel. The fuel used in cruise is corrected for the median 
weight during the mission. 

The computer programs incorporate the facility of using propellers designed 
for 75 FNdb noise level with high, moderate or average take-off thrust char- 
acteristics. (6, 5 and 4 lbs. per horsepower) with cruise efficiencies of 
86 percent when possible. The only place it was not possible to use 86 per- 
cent efficiency is the Category III high thrust level airplane, where it was 
not found possible to obtain above 84 percent cruise efficiency. For comparison 
purposes, propellers having normal noise characteristics (95 to 110 FNdb) 
and intermediate noise (85 PNdb) are also included in the computer procedures. 

In all the computer runs presently conducted, the airplanes have a 15 percent 
airfoil thickness ratio, and an aspect ratio of 8. Cruise speed is a variable 
input, in addition to range and field length. 


7*2 Statistical Weight Data 


Weight equations were developed for input to the parametric studies. The 
general equations for wing, empennage, fuselage, landing gear and fixed equip- 
ment are shown in Figures 7.2.1, 7.2.2, 7.2. 3. 7.2.4 and 7.2.5 « respectively. 
Engine and propeller weights reflect actual weights of representative engines 
or projected state-of-the-art. The Weight Empty relationship to that of actual 
aircraft is shown in Figure 7.2.6. The figures included are intended to reflect 
the major parameters considered in the parametric analysis of the conventional 
airplanes. A separate set of equations have been developed for the VTOL 
category from data collected by the Lockheed California Company’s Rotsry Wing 
Division. 

The following list of symbols are applicable to Figures 7.2.1 - 7.2*5: 

K w - Wing Configuration Constant 

W » Design Gross Weight 

S 

N - Design Ultimate Load Factor 

S - Wing Planform Area 

w 

• Wing Aspect Ratio 
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In assessing the impact of using advanced fiber-composite materials in the 
1985 time period, the following factors are applied to the various weight 
groups for which subroutines have been developed: 


Item No. 

Group 

Factor 

Category 

1 

Wing 

.800* 

All 

2 

Fuselage 

.800* 

All 

3 

Empennage 

.818 

All 

4 

Nacelle 

.822 

All 

5 

Landing Gear 

.950 

All 

6 

Reduction Gearing 

. 752 

All 

7 

Propeller 

.860 

All 

8 

Rotor 

.850 

IV 

9 

Drive Shafting 

.478 

IV 



Items 1 through 5 were obtained from a proprietary study by the Lockheed- 
Georgia Company. Items 1 and 2 marked *, however, were arbitrarily in- 
creased from lower factors which are considered to be more applicable to 
the large transport aircraft analyzed in the theoretical study. Items 
6, 8 and 9 were obtained from a Boeing Vertol Division study under contract 
to the Air Force, as reported in Section 5 • 3 • 5 • Item 7 was obtained from 
a Hamilton Standard study. 

Reference has been made to NASA CR-73258 "Potential Structural Materials 
and Design Concepts for Light Airplanes," in which some specific application 
studies were directed to the wing and empennage of a typical 4-pl&ce air- 
craft design. The tables on pages 218 and 224 of that report show weight 
reduction factors of 0.84 to 0.86 applied to conventional aluminum structure 
as representing the best design approach investigated in the study. It 
is believed that, with the use of more effective material and structural 
techniques potentially available in the 1985 time period, values of approxi- 
mately 0.80 can be obtained. The establishment of more credible factors 
than those listed would involve a far greater effort than that included 
in the scope of this study. 


7.3 Cost Data and Analysis 


7.3*1 General Objectives and Procedure 

A basic purpose of the cost analysis of this study was to develop a general 
aviation aircraft cost estimating tool that would predict conceptual design 
aircraft cost (initial and operating) with reasonable accuracy from 
minimum design and performance inputs. In addition, the cost estimating 
procedure was to be used to evaluate the effects of basic technology 
tradeoffs, safety provisions, performance, and large production rates on 
costs of selected designs. Basic steps in the general approach to accom- 
plish these objectives are as follows s 

° Collect cost/price data on contemporary aircraft and systems. 

° Determine through regression analysis and other means the best correlation 
of available cost data with known physical and performance variables. 

° Derive fundamental manufacturing cost data and cost estimating relation- 
ships from correlations. Incorporate the various relationships into 
a model subroutine for the general design computer program. 

° Make cost estimate predictions to aid in the selection of designs 
within each category. Include Value Engineering estimates for uncon- 
ventional construction/material designs. 

0 Determine, for selected designs in each category, the effect of tech- 
nology tradeoffs on cost. 



° Determine the sensitivity of initial cost and operating cost to changes 
in safety and performance variables. 

° Determine the effect of large production rates on costs of selected 
designs. 

7.3.2 Cost Data Analysis and Model Development 

Considerable cost and price data on general aviation aircraft and associated 
systems were compiled from the current literature. Efforts were also made 
to obtain data from outside sources, including the major light aircraft 
manufacturers. Basically, manhours and material (cost) per pound of air- 
frame weight, overhead rate, installed equipment cost, and other costs 
were requested for several classes of aircraft. While some pertinent 
data were obtained in this manner, the data obtained were limited because 
each manufacturer of commercial aircraft considers his particular cost 
structure data to be highly proprietary. Some aircraft cost data, however, 
were received from T. L. Galloway, the NASA Technical Monitor for this 
study. 

With regard to propulsion system costs, contacts were made with leading 
manufacturers to obtain cost data on engines and propellers. List price 
data were obtained from some of these companies along with an indication 
of the approximate discount that is normally allowed to the original 
equipment manufacturers (OEM) of aircraft. In some cases an approximate 
OEM cost estimate was released* 

References which have been examined and used for cost data and guiding 
information throughout this study are listed in Section 7*7* 

Many correlations between aircraft and propulsion system physical and 
performance characteristics and compiled cost data were investigated. 
Although in most cases several correlations of cost data with various 
independent variables were investigated, only the more reasonable corre- 
lations are presented here. For an overview, total prices of contemporary 
light aircraft in several categories are shown in Figure 7.3.1 . which 
shows total aircraft FAF prices as a function of the empty weight-speed 
(maximum cruise) product. These FAF prices do not normally include any 
avionics cost. Although the reasons for the price variation are many, the 
correlation is reasonable and the graph offers a quick means by which one 
can estimate the list price of contemporary aircraft (made in U. S.) on the 
basis of size and speed. 

As part of the effort to develop a parametric relationship for airframe 
cost, propulsion costs and other costs were developed. The list price 
trend of several categories of horizontally-mounted reciprocating engines 
with horsepower are shown in Figure 7.3.2 . Original equipment manufacturer 
(OEM) costs of these engines range from about 60 to 65$ of the list prices. 
The straight line trends indicate the basis for deriving a parametric cost 
estimating relationship from these data. Similar cost trends applicable 
to gas turbine engines are shown in Figure 7.3.3 . Turboprop refers to 
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the inclusion of suitable reduction gearing for propeller drive, while 
turboshaft refers to inclusion of only a single stage of gearing. Engine 
costs shown in this graph represent approximate OEM costs based on esti- . 
mates and data obtained from manufacturers. 

Data related to the rotating combustion (RC) engine for aircraft applica- 
tions were obtained from the Curtiss -Wright Corporation. These data 
are shown in Figure 7.3.4 where the approximate OEM cost of the RC engine 
is shown as a function of horsepower. The solid line represents the cost 
trend for "currently available" RC engines and the dashed line represents 
the projected cost trend for RC engines in the 1985 time frame. Both 
trends are based on 1970 dollars. The projected (1985) costs for the RC 
engine will result in about a 4 2$ reduction from the current OEM costs. 

Some representative propeller assembly (less spinner) prices as a function 
of assembly weight are illustrated in Figure 7.3.5 for two, three, and 
four blade propellers. Generally OEM costs for propellers are about 60 
to 65$ of list prices. Variation in the propeller prices within a given 
type is due primarily to design, construction and material differences; 
however, the straight line trend shown in Figure 7*3*5 seems to provide 
a reasonable estimating relationship over the entire range shown. 

Allocations from aircraft list prices have been made for a number of 
aircraft (with normal production rates of about 100/year or greater) 
by subtracting out the OEM cost of engines, propellers, and other equip- 
ment to obtain what is called the "airframe list price." Results of this 
process are shown in Figure 7.5.6 where this airframe price is plotted as 
a function of the aircraft empty weight - maximum cruise speed product. 

For each aircraft the cost of the particular engine and propeller was 
subtracted from the list price, not just an average cost as exemplified 
by the straight line trends shown in other graphs. An average trend 
of other purchased equipment cost, shown in Figure 7.5.7 as a function of 
weight-speed product, was developed from rough estimating relationships 
and from data submitted by a manufacturer. Three of the points shown in 
Figure 7*3*7 were derived from equipment cost data submitted by one of the 
major manufacturers. Other equipment cost is defined here as cost of 
purchased equipment, excluding nropulsion equipment. Avionic cost is 
usually considered as an optional cost and is not included in the other 
equipment cost of Figure 7.3.7. Costs of optional avionics packages, 
applicable to the aircraft of this study, are listed separately in Section 83.1. 

In an effort to arrive at more basic airframe cost quantities, the results 
shown in Figure 7.3.6 and 7*3.7 were analyzed further. Retail marketing 
discounts; manufacturer’s profit goals; engineering, tooling, sales and 
G&A costs; and purchased equipment • costs were deducted from the list price 
of each particular aircraft. Basic percentages of selling prices given 
in a management planning brochure of the old Consolidated Vultee, Stinson 
Division (Reference 7.3.15) and the typical cost breakdown shown in NASA 
CR-1285 (Reference 7.3*11) were used as a guide for this process. These 
two references show very close agreement in the percentage of selling 
price of the various items which determine the list price. The typical 
procedure used is summarized in Table 7.5.8 . where the cost breakdown 
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FIGURE 7.3.6 
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FIGURE 7.3.8 


ESTIMATED COST SUMMARY; 

TYPICAL 4-PLACE 
CONTEMPORARY AIRCRAFT 



EMPTY WEIGHT = 1470 LBS. 


ITEM 


DOLLARS (1970) % OF LIST 


LIST PRICE 17,500 

LESS RETAIL MARK-UP 4,380 


DEALER COST 13,120 

LESS MANUFACTURER'S PROFIT (10% EST.) 1,190 


MANUFACTURER'S COST 11,930 

LESS ENGR., TOOLING, SALES, G&A (EST.) 2,900 


DIRECT MANUFACTURING COST 9,030 

LESS ENGINE AND INSTALLATIC OST 2,460 

6,570 

LESS PROPELLER & ASSOCIATED PARTS 365 

6,205 

LESS OTHER EQUIPMENT 1/350 


AIRFRAME COST 4,855 

LESS MATERIAL COST (EST.) 785 

4,070 

LESS MANUF. LABOR OVERHEAD (132% DIRECT) * 2,310 


MANUFACTURING LABOR COST 1,760 


LABOR MANHOURS (@ $3. 10/HR.) = 570 
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of a typical 4-place contemporary aircraft is estimated . Basic percent- 
ages will vary slightly with size, production rate, and equipment list of 
the aircraft. Trends of these percentages with the weight or weight-speed 
of the aircraft were approximated on the basis of assumptions and other 
information that was obtained from the study consultant, Mr. A. W. Mooney. 

This general procedure has been performed for a number of aircraft (with 
relatively high production rates) covering the basic range of categories 
to be investigated in this study. Results of manufacturing manhours and 
material cost per pound of empty weight versus ei.pt y weight for various 
aircraft are displayed in Figure 7.3.9 . Several points shown on these 
plots represent data obtained from a manufacturer; the other points are 
estimates based on aircraft and equipment price lists, certain assumptions 
and percentage trends. The results do not seem to indicate an economy 
of scale over the range of weights covered, which could in part be attributed 
to the differences in where each aircraft may be on a learning curve 
established by its particular production run. These resul hs should be 
very reasonable for the middle range aircraft. When normalized on the 
basis of empty weight -maximum speed, the basic manufacturing manhours and 
material cost show a flat distribution with weight -speed product as shown 
in Figure 7.3.10 . 

Helicopter manufacturing manhour data have been obtained from a report 
dealing in part with military helicopter airframe production cost. The 
report was prepared by the Lockheed California Company (Reference 7*3*12) 
and the helicopter data were based on the results of a BoD Cost Research 
Symposium Paper (Reference 7*4*13)* The data were adjusted (with 87% 
learning curve) to a quantity of helicopters in the 400 to 500 range, 
which was assumed to be appropriate for civil helicopters in the present 
investigation. Results of the helicopter data adjustment are presented 
in Figure 7.5.11 . Included is a data point taken from the San Diego 
Aircraft Engineering study (Reference 7*3*11) » which shows the cost 
breakdown of a light civil helicopter. The point tends to agree with 
the military helicopter trend very well. 

With the available fundamental cost quantities, manhours and material cost 
as a function of aircraft physical parameters, along with propulsion, other 
equipment, marketing and other expense trends, a procedure was developed 
for estimating the initial cost of conceptual fixed-wing aircraft. A 
simplified blook flow of the procedure is shown in Figure 7.5.12 . The 
input block term "complexity factors" relates to the inclusion of factors 
used to modify various cost equations in the procedure to account for 
unconventional construction and materials or for other special purposes. 

For conventional aircraft these complexity factors were normally set at 
unity. Complexity factors were applied primarily in the manufacturing 
cost block as shown in Figure 7*3*12. The procedure made provision for 
including optional equipment, such as avionics, but no optional equipment 
was normally included in the cost estimating of baseline designs. 
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FIGURE 7.3. 9. 
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Similarly, a procedure was developed for helicopter (single main rotor) 
cost. Both procedures were programmed as subroutines for the general 
design computer program. 

Since it is important that cost models produce realistic estimates when 
applied to contemporary aircraft, some preliminary runs were made with 
the fixed-wing cost model routine to compare the model estimated cost (FAF) 
with the actual cost of contemporary aircraft. Results for several con- 
temporary aircraft are presented in Figure 7.5.13 . Optional avionics 
costs are not included in either the actual or model-estimated cost of 
the contemporary aircraft. In general the cost prediction of contemporary 
aircraft with reasonable production quantity and design features seems to 
be within 10$ of the aircraft actual cost. Preliminary runs with the 
helicopter cost model indicate that the model predicted cost for a well 
known contemporary model agrees to within 7$ of the actual list price. 

7.3.3 Development Cost 

In many cases it is difficult to determine what constitutes development 
cost or when it begins and ends. This situation could be especially true 
of small general aviation aircraft where basic airframe models will generally 
have a long production run with several minor modifications, improvements 
and model changes along the way. Also some models are derivatives of 
military models in which original development costs have been funded by 
the Government. 

Another factor is the accounting system used. For a typical 4-place 
aircraft the development costs could be amortized over 2000 to 3000 
(about 3 years) aircraft when market analyses may indicate that 4000 to 
3000 could be sold. If 7000 or more are actually sold before the model 
is completely dropped, the original amortization would not reflect the 
true development cost per aircraft unit. Competition would tend to make 
development amortizations follow a rough trend, but variations like a 
factor of two or more are not uncommon, especially between new manufacturers 
and old established manufacturers. 

No independent analysis has been made of development cost for the designs 
of this study. This is because an analysis of this type is very difficult 
to generalize and highly speculative without historical data with which 
to base computations. The initial cost (and any inherent associated 
development cost) for baseline designs is assumed to be based on comparable 
numbers of contemporary aircraft of the same class. That is, the designs 
tend to evolve into being and are costed on the basis of production numbers 
of similar contemporary aircraft. Any development cost would be amortized 
over the same number of aircraft as normally done for similar contemporary 
aircraft. Only the ranges of these numbers are conjectured for current 
conditions. For the Category I class aircraft the development amortization 
may be spread over 1000 to 3000 units, while the Category II, III and IV 
designs might involve from 200 to 600 units. 
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Since development costs for this study can only be identified in the most 
general way, allocations for this expense are estimated as a rough percent- 
age of list price. Specifically, for Table 7.3.8 . the development engineering 
and basic or initial tooling could be broken out of the Engineering, Tooling, 
Sales and G&A cost item as shown in Table 7.5.14 where estimates of the 
unfolding costs are presented. The numbers in parentheses represent the 
approximate percentage of list price and the development cost of about 
SI 000 represents the engineering and tooling costs that might be amortized 
per unit to introduce a typical, 4-place aircraft. 

The breakdown of costs shown in Table 7»3»H is based on percentages of 
estimates made in an old planning brochure of the Consolidated Vultee 
Aircraft Company (Reference 7*5*15) • Basic costs are allocated over 2000 
to 3000 aircraft units. On the basis of 2500 units the airframe development 
costs for this class of aircraft (about SlOOO/unit) would be about £ 2, 500,000. 
Since the gross weight for this aircraft is 2500 pounds, the approximate 
aevelopment cost would be about $1000 per pound of gross weight. This 
result is in good agreement with the total "launching costs" (development 
costs) presented by Peter Masefield in Reference 7»3»16. He says that 
experience in Europe shows that total launching costs of a well-tooled , 
new, all-metal light aircraft run consistently at abour $840/lb of gross 
weight. This figure is based on 1966 prices and would be equivalent to 
about $1000/lb of gross weight in 1970 dollars. This cost of about $1000/ 
lb of gross weight for aircraft of this class has also been given as a 
rule of thumb in Reference 7*5*17* This, of course, is a rough average 
cost factor and variations could be large. The basic breakout in the 


Masefield Paper is shown below: 

Launching Costs fo of Total 

Design 20 

Prototype Build and Test 20 

Structural and Systems Test Work 6 

Tooling 23 

"Initial Batch" Costs 23 

Demonstration Aircraft 8 

Total 100 


Spot checks on several contemporary aircraft up to 6400 pounds of gross 
weight indicates the development cost factor of about $1000/lb tends to 
agree (within 50 fi) with development cost based on a percentage (5 to 7$) 
of list price. This agreement is based on the allocation of development 
costs over a number of units typified by the ranges given above. The 
gross weight cost factor or the list price percentage factor are both 
highly generalized development cost factors and should be applied only 
for rough planning estimates. 
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Note that the development costs discussed here do not include the 
development cost associated with propulsion systems. Of course, any 
cost associated with the development of an engine is passed on to the 
airframe manufacturer. The variation of engine development cost and the 
number of units over which it is amortized can cover even larger ranges 
than airframes. The same thing can be said for avionics systems that may 
be used in general aviation aircraft. 

7.3.4 Cost Projections of Manufacturing Materials and Methods 

An important aspect of the cost data research is the collection and 
development of cost projection data for advanced materials and manu- 
facturing methods for the 1985 time frame. For these analyses all costs 
are estimated for 1970 dollars with respect to general monetary value; 
however, cost of graphite fiber composite and other new materials are 
based on projected reductions expected during the 1980 - 1985 period. 

Some of the general projections of material cost for future years are shewn 
in Figure 7.3.15 . Data for the preparation of these trends were taken from 
various sources. Prime sources were from Astronautics and Aeronautics 
and available Lockheed Value Engineering data. This graph indicates that 
the synthetic fiber material described in Section 5»3»5 is very promising, 
particularly when its physical properties are considered. 

At the projected material costs in the mid-1980s, advanced material costs 
will still be a major part of the total component production cost. The 
remaining major area for cost reduction lies in the manufacturing methods 
for these materials. The Lockheed-Georgia Company Value Engineering Organ- 
ization has made attempts to project the effect of automatic tape laying 
equipment and other improvements on the process of preparing graphite 
filament composites. From these efforts a projection of the material 
and fabrication (use on aircraft) cost penalty per pound of weight saved 
(by using tht> lighter material) has been developed as a function of the 
graphite composite material cost per pound. The effects of automation 
in preparing tie material were estimated in this projection. With the 
use of this projected cost penalty per pound of weight saved, the additional 
cost incurred with the us© of graphite composite for light general aviation 
aircraft was estimated. A 20$ weight reduction in the airframe was assumed 
for this analysis over the range of airframe weights of 840 to 2400 pounds. 
Results of this analysis are shown in Figure 7.3.16 where the ratio of 
the cost of using graphite composite material to that of conventional 
aluminum is presented as a function of graphite material cost. For the 
cross-hatched band this ratio is the sum of the conventional production 
cost (labor and material) plus the cost incurred by the use of graphite 
material to affect a 20$ weight saving, divided by the conventional pro- 
duction cost. The plot diverges into a band because of the range of air- 
frame weights considered. Since this analysis is based on projected air- 
frame production technology, such a plot is speculative. 
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Also shown In Figure 7*5*16 is a plot of the ratio of manufacturing cost 
of a light aircraft wing using graphite/epoxy (multi -cavity molded) for 
skins and spars to that using conventional aluminum. This ratio was 
derived from data presented in Figure 244 of the San Diego Aircraft Engi- 
neering Report (Reference 7*3*11)* The moldable reinforced materials 
tend to show a greater potential for overall cost saving than does the 
continuous fiber cross lamination material because of high production 
rates. The data shown in Figure 7*3*16 were applied to the cost model 
in the sensitivity analyses to estimate the overall effect of substituting 
the composite material for aluminum. The high strength composite material 
is assumed to be used only in highly stressed portions of the structure, 
because of its relatively high cost. In other areas, glass fiber composite 
material would be used to preserve manufacturing similarity. 

Manufacturing labor and material cost reduction factors have also been 
estimated for application to the cost model to determine the effect of 
production rate on unit cost. Theory generally holds that unit cost can 
be described by a U-shaped function with production rate, that is, cost 
declines as production rate increases, then is insensitive to rate over 
some range, and eventually begins to rise again due to the constraining 
capacity of the production facility. However, empirical results (published) 
of the interaction between volume and rate effects are scanty, although 
cumulative volume will, of course, increase with rate. 

For this analysis it is assumed that learning-curve theory can be applied 
to production rates in the same manner as it is applied to cumulative 
volume up to 100,000 units per year. That is, for a production rate of 
1000 per year, a cumulative quantity of 1000 is assumed to have been pro- 
duced during the year. For large cumulative outputs to be possible within 
a year, sufficient floor space, tooling and production equipment must be 
available. No attempt has been made to estimate the cost of such capital 
equipment or its effect on the unit cost. It is assumed that the necessary 
facilities and equipment exist to produce the aircraft at rates up to 100,000 
per year during the 1985 period. 

The cost reduction factors which were estimated are summarized in Table 
7.3.17 . Listed under aircraft category are the four basic categories of 
aircraft that are under investigation in this study. The adjacent column 
shows a typical average rate of production (units/year) that is currently 
applicable to each category of aircraft for a single manufacturer. The 
cost element for aircraft in part (a) of the figure refers to the manu- 
facturing labor or material for the basic airframe production. Reduction 
factors are shown separately for labor and material for the three production 
3 4 5 

rates, 10 * ICr and 10 units per year. A similar display of cost reduction 
factors is given for three engine types in part B of the figure. Learning- 
curve slopes ($) listed under the figure are typical slopes which have been 
observed for past airframe and engine production projects. These slopes 
were applied to the base line production rate (present production rate 
column) to obtain the reduction factors for each rate and cost element. 

The reduction factors listed in Table 7*3*17 are applied to the specific 
cost elements within the cost model to estimate an overall effect of the 
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TABLE 7.3.17 
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higher production rates. It is believed that these reduction factors 
are conservative, certainly obtainable, if greater automation and auto- 
motive production techniques can be applied. 

7.3.5 Operating Cost 

An operating cost model, which estimates operational costs characteristic 
of the four aircraft Categories, was developed. The model is based on 
cost information obtained from various sources such as reports, trade 
journals, insurance companies, and manufacturer's brochures. A prime 
source of information and guidance is *«. report published by the Federal 
Aviation Administration (Reference 7. 3. 18). This report presents esti- 
mates of operating cost of aircraft representative of the general aviation 
fleet; however, it does not include helicopters or other VTOL aircraft. 

The items which could be considered as aircraft operating costs are many. 

For the analytical purposes of this study, the items included are believed 
to be those most closely associated with the operation of the aircraft. 

The basic elements of operating cost used in the model are summarized in 
Figure 7.3.18 where the elements, cost factors, and some typical values 
are shown for each of the four Categories. The cost elements are separated 
into variable or direct costs, which vary with flying time, and fixed or 
indirect costs, which accrue on an annual basis independent of aircraft 
flying time. This separation in some respects is arbitrary, as some fixed 
cost items will vary with use to some extent and some variable costs may 
be slightly independent of use. A brief description of each cost element 
listed in Figure 7*3 *18 is given below: 

VARIABLE COSTS 

A. Fuel and Oil . Fuel and oil cost vary most closely with aircraft opera- 
tion. Fuel costs are based on an average consumption rate (computed 
in the design program) and an average price per gallon. A price of 

46 cents/gal was used for aircraft requiring only 91 octane aviation 
fuel and a price of 50 cents/gal was used for aircraft requiring 100 
octane fuel. For jet fuel, a price of 27 cents/gal for jet fuel 
was used for turbofan and turboprop aircraft. The cost of oil was 
assumed to be 20 cents/hr for both piston and turbine aircraft. 

B. Inspection and Maintenance . The FAA requires an annual inspection 
of all general aviation aircraft. In addition, aircraft carrying 
passengers for hire or used in flight instruction must have an inspection 
every 100 operating hours. Maintenance costs (labor and parts) include 
the upkeep and repair of the airframe, engine, propeller, electrical 
equipment and other accessories. Since the cost for inspection and 
maintenance can vary widely according to the size and complexity of 

the aircraft, two generalized cost estimating relationships, based on 
aircraft empty weight and total power, were developed for this cost 
element. A graphical representation of these CERs is shown in Figure 
7.3.19 where the cost per flight hour is presented as a function of 
aircraft empty weight multiplied by the total horsepower (or thrust 
in lbs) of the aircraft engine(s). The plotted points represent data 
which was derived from information given in a FAA study report (Refer- 
ence 7.3.18). On the log-log scale one straight line approximates 
the piston and turboprop trend fairly well, while a separate straight 
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FIGURE 7.3.18 OPERATING COST FACTORS SUMMARY 
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line seems to approximate the turbofan aircraft trend. Notice that 
the turbofan points tend to be common to either straight line trend. 

The circle with an X and the darkened circle represent points derived 
from separate local flying clubs. One club has eight aircraft, and 
a weighted average was plotted. For the other club the plotted point 
represents a single aircraft. Both local flying club points tend to 
fit the overall trend well. Moot brochures and manuals published by 
the aircraft manufacturers will show inspection and maintenance costs 
somewhat lower than the straight line trends of Figure 7*5.1 9 • This 
is because their costs are based on the most optimum conditions for 
new aircraft. The trend lines presented in Figure 7*5*19 tend to 
represent an approximate cost of actual operating aircraft averaged 
over a period after the aircraft have accumulated a few years of age. 

For Category IV aircraft the cost per hour presented in Figure 7*5*19 
must be multiplied by a factor of 1.6 to approximate the added com- 
plexity of a VTOL machine. This factor was derived from an investi- 
gation of depot and base maintenance cost per flight hour for comparable 
fixed-wing and rotary-wing aircraft listed in the Air Force Cost and 
Planning Factors Manual (Reference 7*5*19)* Military versions of 
civil fixed wing aircraft were compared with military helicopters 
approximating the Category IV requirements. Aircraft included were 
T- 41 , U-3A, U-4A, UH/l and the HH-45* This brief comparison indicated 
that a factor of 1 .6 represents a rough average factor applicable to 
the Category IV aircraft of the present study. 

C. Reserve For Overhaul - With time some of the major equipment or parts 
of an aircraft must be replaced or overhauled. Primarily this over- 
haul applies to the engine(s), propeller(s) and other propulsion 
equipment. However, the overhaul or replacement can include the 
airframe, avionics and other equipment. Reserve for overhaul is 
another cost element which can have a wide variation with aircraft 
size and complexity. Therefore two generalized CERs were developed 
to approximate this cost. The graphical representation of these CERs 
is shown in Figure 7.5*20 where the cost per flight hour is given 

as a function of total horsepower or thrust (lbs) of the aircraft 
engine(s). All the comments made previously for the inspection and 
maintenance CERs shown in Figure 7*5*19 apply in a similar manner 
to Figure 7.3.20. This includes the complexity factor of 1.6 to 
approximate the reserve for overhaul cost for VTOL aircraft. 

D. Parking, Landing Fees, Parts . Payments for parking fees (when the 
aircraft is away from home base) and landing fees are also operating 
costs that vary with use. Also operators of the larger aircraft 
frequently find it desirable to carry a small inventory of spare 
parts for replacement. These type of costs depend primarily on the 
utilization of the aircraft. Landing and parking fees for Categories 
I, II and III account for about 65 to 75$ of the total listed in 
Figure 7.13.19 with the balance in spare parts inventory maintenance. 
For Category IV, the percentages are reversed; parking and landing 
fees are reduced and account for about 30 $ of the total with the 
generally higher spares required for the VTOL aircraft accounting for 
about 70$. The values shown in Figure 7*5*18 are typical average 
values roughly applicable to each particular Category. 
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FIXED COSTS 


A. Depreciation. Normally for business purposes the depreciation of an 
aircraft is carried out on a more rapid scale than the aircraft's 
useful life. However, for the analytical purposes of this study a 
depreciation scheme was chosen to allocate the cost of the aircraft 
into annual periods over the useful life of the aircraft, which is 
assumed to be about 20 years. This simple 20-year scheme should 
give a reasonable estimate of depreciation. 

B. Insurance. Insurance costs for general aviation aircraft tend to 
vary over a very wide range because of the many variables which 
determine the rates. Principal among these variables are pilot 
experience, aircraft performance, and aircraft use. The hull insurance 
rates shown in Figure 7 • 3 • 9 represent rough average values that would 
be applicable to aircraft in each category with an experienced pilot. 

The annual liability insurance premiums listed for each category in 
Figure 7* 3* 18 represent average premiums that would be incurred for 
typical liability package plans applicable to each aircraft class. 

Hull and liability rates for VTOL aircraft are given a rough range. 

C. FAA Use Tax. This is the use tax which became effective July 1, 1970. 

Basically, the tax provides for a $25 annual charge for aircraft with 

a gross weight of 2500 lbs or less. For piston aircraft with a gross 
weight greater than 2500 lbs the charge is $25 plus 2 cents per pound 
of gross weight. For turbine aircraft the charge is $25 plus 5*5 
cents per pound of gross weight. 

D. Storage. Storage costs for aircraft are difficult to determine because 
storage rates vary widely with geographical location, such as rural 
airports versus urban airports. The values listed in Figure 7.5. 18 
tend to be rough averages for each category. 

E. Pilot. Only the Category III and Category IV aircraft are assumed to 

require a professional pilot. An allowance of $15»000 per year is 

assumed for this expense. Pilot expense as assumed here can account 
for a significant percentage (20 to 25$ for Category III and 16 to 

20$ for Category IV) of the total operating cost, depending on the annual 
utilization of the aircraft and inputs applied to the other cost elements. 

F. Miscellaneous. Miscellaneous fixed costs include allowances for naviga- 
tion charts, manuals, minor damage not covered by insurance and aircraft 
modernization. The expenses shown for this element in Figure 7»3»18 
are rough averages for each Category. 

There are other costs which are or can be associated with the ownership 
of general aviation aircraft. Principal among such costs are financing 
costs and state and local taxes. They were not included in the present 
model because they tend to vary widely and are only indirectly associated 
with the operation of aircraft. 


7. 3. 4*1 Typical Operating Cost Results 


Some typical operation cost results estimated by the computational model are 
shown in Figure 7*3*21 where aircraft cost per mile is shown as a function of 
annual utilization for all four categories. The typical results in Figure 
7.3*21 for baseline designs show the relative magnitude of operating cost for 
the Categories very well, and the graph also indicates the importance of higher 
utilization to reduce the aircraft-mile cost. Some typical percentages of the 
total operating cost are shown in Table 7 » 3*22 for the basic cost elements for 
each category. These percentages are indicative of the relative magnitude of 
costs among the various elements. Percentages for Categories I and II are 
based on 300 hours/year utilization while percentages for Categories III and 
IV are predicated on the basis of 500 hours/year utilization. It is assumed 
that these utilization rates will be roughly representative for the two divisions 
of the four Categories. 

Many of the cost estimates (both initial and operating) developed for this study 
are based primarily on generalized cost estimating relationships applied to con- 
ceptual configurations in which assumptions and unknowns are involved. Conse- 
quently, absolute results can have rather large inherent uncertainties. In 
the context of relative cost and general trends with physical parameters, these 
cost results are more meaningful. 

7.4 Configuration Evaluation 

These data are covered in detailed discussions of the four categories of air- 
craft in Section 7*5* 


7.5 Results of Parametric Programs 

The first step in the parametric analysis was the establishment of baseline 
designs in each of the four categories. The program optimized the competitive 
configurations in each category. These were then compared and one was selected 
as a basic configuration for the sensitivity studies. The investigation of 
non-augmented high lift systems by the NASA has been active for over 40 years. 
Configurations have been developed which can be applied in an optimum manner to 
any conventional configuration. While augmented systems have also been subject 
to extensive investigation, their complication and attendant cost make them 
unsuitable for application to general aviation aircraft. They would only be 
appropriate to the STOL airplane candidates of Category II, which are single 
engined, with which minimum flight speed would have to be based on the power- 
off condition. 

7.5*1 Category I Aircraft 

Category I aircraft are equipped with present technology reciprocating engines. 
Cruising takes place at an altitude of 7>500 ft. at 75 % of normal engine power. 
Figures 7*5*1 and 7*5*2 show the vairation of gross weight, power, propeller 
diameter, initial and operating cost as functions of cruising speed. A cruising 
speed of 145 knots ( 1 67 mph) was chosen as representing the highest speed obtain- 
able without appreciable increase in operating cost. Points are shown for the 
use of fixed landing gear at the minimum required speed of 1 30 knots. Although 
some weight reduction is achieved, the increased power required results in 
significant increases in the initial and operating costs. 
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FIGURE 7.3.21. 

AIRCRAFT - MILE COST 
TREND WITH UTILIZATION 




TABLE 7.3.22 


TYPICAL PERCENTAGES * 
OP OPERATING COST ELEMENTS 


COST ELEMENT 

VARIABLE (HOURLY) 

Fuel and Oil 

Inspection and Maintenance 
Reserve for Overhaul 
Parking, Landing, Spares 

TOTAL VARIABLE 

FIXED (ANNUAL) 

Depreciation 
Insurance 
FAA Use Tax 
Storage 
Pilot 

Miscellaneous 
TOTAL FIXED 
TOTAL VARIABLE & FIXED 


PERCENT OF TOTAL 
CATEGORY 


I 

II 

III 

IV 

28.0 

17.6 

16.1 

9.3 

15.4 

12.3 

11.9 

11.2 

11.0 

12.5 

12.6 

10.6 

2.6 

1.4 

1.2 

1.1 

57.0 

43.6 

41 .8 

32.2 


17.8 

31.3 

24.2 

17.6 

17.5 

20.3 

10.3 

29.3 

1.3 

0.9 

0.5 

0.3 

4.8 

3.1 

1.3 

0.8 

0.0 

0.0 

21.6 

19.9 

1.6 

0.8 

0.5 

0.3 

43.0 

56.4 

58.2 

67.8 

100 

100 

100 

100 


* NOTE: Typical percentages for baseline designs in each category. 

Categories I and II based on 300 Hrs/Yr and Categories III 
and IV based on 500 Hrs/Yr. 
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FIGURE 7.5.2 CATEGORY I - PUSHER 
PARAMETRIC ANALYSIS 
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Figure 7 • 5 . 3 compares the effect of low noise level propellers with that of conven- 
tional propellers. These data show that in Category I an airplane equipped yith low 
noise level propellers is actually less expensive to own and operate than a 
similar machine equipped with conventional propellers. The conventional 
machine would cost about 18.0 cents per mile to operate, as opposed to 15*5 
cents for the conventional airplane, based on 300 hours per year utilization. 

The major effect causing this result is the high static thrust obtainable 
from the low noise level propellers, which decreases the engine power required 
and increases the wing loading for the same take-off distance. It is felt 
that this is a significant result. 

Conventional propellers are selected in order to give 4*5 lb* of static 
thrust per horsepower, with a cruise efficiency of 86 percent. This repre- 
sents the uppe 1 " limit of static thrust and cruise efficiency for propellers 
driven by ungeared engines. The low noise level propellers are selected for 
6 and 5 pounds per horsepower of static thrust with 86 percent cruise effi- 
ciency where possible. The lower static thrust propellers are, of course, 
smaller in diameter. In general, the 6 pound per horsepower static thrust 
rating is optimum in Category I. 

A comparison of the Category I pusher and tractor aircraft candidates, shown 
in Figure 7»5»4 t reveals that the pusher is marginally lighter and less expen- 
sive than the tractor, but all the data are very close. 

Figure 7*3*3 shows the mid-wing, pusher propeller configuration selected as 
the baseline design for Category I. While its marginal weight and cost advan- 
tages over the tractor are probably within the degree of accuracy of the input 
data, the pusher was selected for qualitative reasons. These include: 

0 Superior vision 
° Low interior noise level 
° No obstruction to future use of radar 
° Easy access to cabin 

° Safety from contact with whirling propeller on the ground. 

7.5*2 Category II Aircraft 

Figures 7*5*6 and 7*5*7 show the variation in gross weight, power, propeller 
diameter and operating cost with percent of cruise power for reciprocating 
and turboprop engines for the single and twin propeller aircraft configurations 
respectively. It i3 readily apparent that the turboprop engine versions excel 
by wide margins. A tabular comparison of the two versions at optimum cruise 
power settings is given in Figure 7*5*8 * The 3ingle propeller airplane weighs 
29 $ less, requires 9$ less power, costs 39$ less to buy and 29 $ less to operate 
than the twin propeller configuration. 

Figure 7.5*9 shows a pusher configuration, similar to that of Category I and 
requires an explanation. The two candidates evaluated in the parametric analy- 
sis had tractor propeller installations. The selected configuration had a 
single propeller. The tractor installations were originally selected because 
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CATEGORY I PARAMETRIC 
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CONFIGURATION 
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of the apparent advantage of the effect of propeller slipstream over the 
flapped wing in providing lift augmentation. However, the takeoff and landing 
distances were determined on the basis of power-off stall speed, because the 
aircraft has only one engine, the failure of which during takeoff and landing 
procedxires could be disastroua. It was therefore reasonable to assume that 
the pusher configuration in this Category would compare with the tractor in the 
same manner as in Category I. The same qualitative reasons for selecting the 
pusher are applicable, especially the matter of access to the cabin. The 12 
ft. propeller diameter, in a tractor, would place the cabin floor 54 inches 
above the ground, whereas the comparable height of the floor for the pusher 
propeller aircraft is only 25 inches above the ground. 

Comparison between Figures 7*5*5 and 7*5*9 illustrates graphically the penalty 
of size (and consequent weight and cost) required to reduce the field length 
from 1000 ft. to 500 ft. Wing area is increased by 66$, wing span by 29$, 
overall length by 18 )o, gross weight by 64$ and engine horsepower by 214$. 

The effect of advanced technology should have an appreciable effect in reducing 
the size, weight and power of the Category II aircraft, probably to a greater 
extent than in Category I. 

7*5*3 Category III Aircraft 

A tractor-pusher arrangement and a conventional twin tractor were evaluated 
in Category III. The tractor-pusher arrangement suffers markedly from the 
rear propeller operating in the wake of the forward propeller, so that effectively, 
twice the power of either engine is being absorbed in the same diameter, with 
the result that the propulsive efficiency is degraded from the value that could 
be obtained from separated propellers of the same diameter, as was used in the 
conventional twin tractor installation. 5 lb* of thrust per horsepower is 
the maximum obtainable, from a practical standpoint, with this configuration. 

Figures 7.5.10 and 7.5.11 show che variation in gross weight, power, propeller 
diameter and operating cost with percent cruise power for reciprocating and 
turboprop engines. Here again, the turboprops show to best advantage and 
were selected for the baseline aircraft. A comparison of weight, cost and 
other important characteristics between the two configurations is tabulated 
in Figure 7*5*12 . It can be seen that the twin tractor airplane weighs 13$ 
less, requires 4*5$ less power, costs 16.5$ less to buy and 9*5$ less to operate, 
than the tandem twin. 

Figure 7.5*13 shows the optimized twin tractor propeller configuration selected 
on the basis of the parametric analysis. The most significant characteristic 
of this design is the large propeller diameter required to meet the noise con- 
straint of 75 PNdb at 500 ft., as well as the 1500 ft., takeoff and 250 knot 
cruise speed requirements. At the indicated maximum engine horsepower, it is 
necessary to limit the propeller tip speed to 450 ft/sec., which sets the 
rotational speed at 493 RPM. 
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CATEGORY 111 pXRAMETRI 
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CONFIGURATION 

GROSS WT. (LBS.) 

TYPE OF ENGINE 
T.O. BHP /ENGINE 
CRUISE SPEED (KTS) 

CRUISE POWER (PCT. NORM.) 
PROP. THRUST (LBS/HP) 
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90 
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In order to avoid an uncomfortably high cabin height above the ground, a high 
"gull wing" configuration was chosen. Placement of the propellers halfway 
out on the wing span, together with the high thrust-to-power ratio, calls 
for cross-shafting the propellers in order to avoid uncontrollable yaw and 
roll with one engine out. It is also necessary to have counter-rotating 
propellers to neutralize the inherently high torque. With cross-shafting, 
no control problems are encountered when flying on one engine. The use of 
supercritical speed shafting, within the present state-of-the-art, does not 
exact a serious weight penalty - certainly less than that of sizing the lateral 
and directional control surfaces to resist an asymmetrical thrust condition. 

Although the baseline aircraft is designed to cruise at 7*500 ft., the fuselage 
cross section is adaptable to the future use of cabin pressurization, which is 
evaluatfed in the sensitivity analysis of Section 8.5-1. The six seats are 
arranged in two parallel rows with a depressed center aisle having 5' - 6" 
headroom. The entrance door is hinged at the floor level and is equipped 
with steps for access to the cabin. A lavatory is placed opposite the door. 
Racks for carry-on luggage are placed at the right of the entrance, and addi- 
tional baggage space is accessible from the exterior. The main landing gear 
is placed immediately aft of the entrance and is designed to have essentially 
vertical wheel travel when absorbing the landing shock. The wheels retract 
flush with the contour, using inflatable fairings to smooth out the inter- 
secting surfaces. 

7.5.4 Category IV Aircraft 

The candidate configurations selected for comparative analysis, were the 
helicopter and the tilt wing - propeller. The configuration of the heli- 
copter and the tilt wing - propeller candidates were achieved using a minimum 
number of variables. In the case of the helicopter, constant disc loading 
and solidity ratios were used, and the cruising speed and altitude remained 
invariant at 150 knots and 5*000 ft. 

Rotor tip speed was held at 600 ft/sec in cruise and 550 ft/sec during hover. 
The cruise power condition proved to be the more critical for engine selection. 
Fuel weight was programmed as a function of cruise power for the required 
mission endurance and an SFC of 0.65* typical of turboshaft engines, plus 
5 minutes operation at hovering power. The program then selected a gross 
weight at which the required weight empty (established by integration of the 
component weights) became equal to the available weight empty (established 
as the gross weight minus the required fuel plus payload). 

The tilt wing - propeller configuration was established in a similar manner. 

The geometrical arrangement adopted was similar to that illustrated in Figure 
6.9* except that thrust axis tilt to a full 90° was allowed, and the maximum 
depressed position on the ground was established at 30 ° to avoid an abnormally 
long landing gear and high cabin floor. Severa* variations of speed and wing 
loading were made. A propeller thrust-to-horsepower ratio of 5*4 was estab- 
lished, representing a maximum value to 6.0 (programmed to meet the 75 PNdb 
noise constraint) and a factor of 0.9 to give a 10 % margin for hovering. 


Figure 7. 5. 14 presents a comparison between the two candidates when analyzed 
to meet the constraints of this study. Both candidates have very high initial 
cost. Although that of the helicopter is over ten times that of the Category 
I candidate, it is still 72# that of the tilt wing. The magnitude of these 
costs are influenced primarily by weight, complexity and power required. 

The use of turbine engines is very influential in escalating the cost. The 
only advantages possessed by the tilt wing are: higher cruise speed (being 

twice that of the helicopter) and consequent lower operating cost. Although 
operating cost is a criterion of selection, the magnitude of the difference in 
initial cost leads to the logical selection of the helicopter as the baseline 
configuration in Category IV. The higher speed advantage of the tilt wing may 
not be worth the price, if VTOL aircraft will be used mostly for short trips. 

The basteline helicopter configuration is illustrated in Figure 7»5»15 » Its 
single rotor/tail rotor configuration was selected as representative of the 
majority of light commercial helicopters now offered on the U. S. market. 

The tip speed of the main and tail rotors is limited to 550 ft/sec. in hovering 
and low speed flight, under the 75 PNdb at 500 ft. noise level constraint, 
based on studies by the Bell Helicopter Company (Ref. 5-2.1 6) In cruise, 
the tip speed is increased to 600 ft/sec, at 5000 ft. cruise altitude. At 
a cruise speed of 150 knots, a blade loading of 54 lbs/sq. ft. is maximum 
in order to avoid retreating blade stall. This resulted in the selection 
of a 0.10 solidity ratio, using a 4-blade rotor. The same geometry applies 
to both the main and tail rotors. In line with conventional design practice, 
the engine and transmission are mounted in the pylon. The tail rotor drive 
shaft is assumed to operate at supercritical s pe ed. The fuel tank is located 
behind the passenger compartment. Th e b aggage compartment is located 

immediately above the fuel tank. The main element of the retractable landing 
gear is located immediately aft of the fuel tank/baggage compartment area. 

The nose gear is. retractable to a semi-exposed wheel position under the cabin 
floor. 

7.6 Cost Comparison 


For comparison purposes a check was made between the cost of the basic aircrait pf 
NASA CR-75258 (Reference 7.5.11) and the cost of a Category I design which 
has evolved out of the present study. Appendix T of NASA CR-75258 states 
that a contemporary sheet metal airplane, comparable to the NASA far term 
guidelines specified for the San Diego Study, would cost about $20,150. 

As indicated in NASA CR-75258 on page 21, this cost of $20,150 is based on 
1966 dollars. On the basis of economic escalation alone, the cost would be 
about $25,000 in 1970 dollars. The Category I present technology baseline 
airplane of this study has an initial cost of $22, I71 .exclusive of avionics. 

A comparison of the basic requirements of the San Diego study and the present 
study are summarized in Figure 7.6,1 . Although not specified it is assumed 
that the range requirement for the San Diego study is comparable to that of 
the present study. The requirements for cruise speed, takeoff distance, 
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FIGURE 7.6.1 


COMPARISON OF BASIC REQUIREMENTS 


REQUIREMENT 

PRESENT STUDY * 
GUIDELINES, CONSTRAINTS 

SAN DIEGO STUDY** 
FAR TERM GUIDELINES 

Range, miles 

500 

«** 

500 

Cruise Speed, kts 

150 

130 

Takeoff Di stance/50 ’ , ft 

1000 

1000 

Seats 

4 

4 

Payload per seat, lbs 

220 

220 

Noise Level • 500’, PNdb 

75 

not specified 

Fuel Reserve, min 

45 

30 


NOTES: 

* Appendix I 
** From NASA CR-73258 


*** Assumed 


number of seats, and payload are the same, however, the baseline design of 
this study has a cruise speed of 145 knots as selected on the basis of minimum 
operating cost. A noise level of 75 PNdb or less was not required for the 
San Diego study. There is a 50% increase in fuel reserve time above the San 
Diego study. Other requirements, which are only applicable to one study or 
the other, are not particularly influential. 

In comparison to the airplane evolved in the. San Diego study, the somewhat 
lower initial cost of the baseline aircraft in this study is believed to be 
attributable to the requirement for a lower noise level. The comparison 
between conventional and low noise level propellers on the Category I airplane 
was shown in Figure 7 • 5*3* with a lower initial cost indicated for the quiet 
propeller installation, due to the lower level of engine power required. Thus, 
general agreement appears to hsve been reached in the two studies. 
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8.0 SENSITIVITY ANALYSIS 
8.1 General Procedure 

The purpose of the sensitivity analysis operation is to assess the impact 
of advanced technology and other factors as applied to the baseline designs, 
developed in Section 7*0, which represent the present state-of-the-art. 

figure 8.1 «1 illustrates the general procedure followed in this analysis. 

The effect of the use of advanced engines d that of advanced materials 
on the. configurations in each of the four categories are evaluated separately 
and then combined to establish advanced technology baseline designs, represen- 
tative of the 1985 time frame. The factors listed below the box in this 
figure titled "Advanced Technology Baseline Designs" are then applied separately. 
Those on the right side of the vertical line represent the addition of new 
physical features or configuration changes required to achieve the desired 
effect. Those on the left side represent changes in environmental and per- 
formance requirements, as well as growth factors. 

The separate analyses were programmed for the computer in the same manner 
as described in Section 7*0. The variation of inputs is explained under each 
of the appropriate subsection headings, with a subsequent tabular comparison 
showing the effect of each assessment on the advanced technology configuration 
in each of the four categories. The output data include the following character- 
istics: 


Gross Weight 
Weight Empty 
Fuel Capacity 
Max. Engine H.F. 
Cruise Speed 


Cruise Power (pet.) 
Propeller Diameter 
Wing Loading 
Initial Coot 
Operating Cost 


in addition to certain others as appropriate to the category or the assessment. 


FIGURE 8.1.1 

SENSITIVITY ANALYSIS PROCEDURE 


; PRESENT TECHNOLOGY BASELINE DESIGNS 
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Program inputs were then combined to assess certain desirable combinations, 
and these are reported in Section 9*0. 

The Advanced Technology Baseline Designs are illustrated in general 
arrangement (3-view forn). Other similar illustrations include the 
special configurations in Categories I, II and III, and the seating 
growth versions in all categories. The remaining assessments are not 
illustrated, since they reflect similar geometry to the Advanced Tech- 
nology Baseline Designs. Section 9«0 includes illustrations of the 

t 

recommended combinations in each of the four categories. 

As in the case of the present technology baseline aircraft analyzed in 
Section 7*0, no avionics are included in the advanced technology designs. 
However, the effect of adding advanced avionic systems is assessed in 
Section 8 • 3 • 7 • 


8.2 Configuration Evaluation 

These data are covered in detailed discussion of the sensititivy analysis 
in Sections 8.3 through 8.7. 
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8.3 Effect of Advanced Technology Applications 
8.3*1 Aerodynamic Features 

These include high lift devices and low drag configurations, both of 
which were investigated in Section 5.1 and applied to the Present 
Technology Baseline Designs evolved in Section 6.0. More advanced 
, devices, such as boundary layer control, jet flap, laminar flow 

control, etc. were considered and rejected for reasons of high cost 
and loss of safety following engine failure. The extensive research 
applied in the past toward, the development of airfoil sections, lift 
augmentation devices and low drag configuration enables the designer 
to select optimum combinations for any given application. Progress 
in this area has been evolutionary, rather than revolutionary, in 
the past and will probably continue thusly in the future. While 
future break-throughs in this area may develop prior to 1^85, none 
can be foreseen at this time. The Advanced Technology Baseline 
Designs, therefore, relfect present state-of-the-art with regard to 
aerodynamic features, which are carefully selected to produce optimum 
aircraft configurations. 

8.3.2 Propulsion Systems 

Pour different types of power plant were investigated in Section 5.2, 
They include three engine/propeller systems, namely reciprocating, 
gas turbine and rotating combustion engines; plus one gas reaction 
system, the turbofan. Subsequent parametric analysis, reported in 
Section 7.0, disclosed that the rotating combustion engine is optimum 
for Category I, while the gas turbine shaft drive is superior for 
Categories II, III, ana 17 — all based on present state-of-the-art. 
However, the future technology projected for the rotating combustion 
engine establishes its superiority in all four categories of aircraft 
and has led to its selection as the representative advanced technology 
power plant. This does not necessarily rule out the reciprocating 
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engine, gas turbine or hybrid engine if either of them can be 
accelerated in development to achieve a competitive position. 

Based on present technology e sessment, however, the rotating 
combustion engine is believed to have the best potential. 

In order to compare the use of propellers with jet propulsion, 

* 

a single engine turbofan configuration was evolved for Category 

i 

III only, and compared with the twin engine/propeller design. 

Rather than isolating this assessment to propulsion only, it is 
covered later, following the assessment of advanced materials, 
so that Advanced Technology Baseline Designs can be compared. 

The rationale for the use of one turbofan, instead of two, is based 
on two considerations: cost and relative safety. Since the turbo- 

fan engine has a relatively high specific cost, which decreases with 
increase of thrust rating, the use of two smaller engines in place 
of one larger unit would nearly double the engine cost. Comparing 
the relative chances of engine failure, the reliability of the 
turbofan engine has already been established at a high level and 
will no doubt improve in the years ahead. Development of the 
rotating combustion engine lags considerably behind that of the 
turbofan, although the two might become equal by 1985* The addition 
of the propeller adds another element of risk as regards potential 
propulsion failure. The present psychology of corporate aircraft 
owners, who represent potential buyers of Category III aircraft, 
favors the use of two or more engines as a carry-over from the 
experience of previous years, when engines were less reliable. 

Engine failure today represents a very small percentage of total 
aircraft accidents and should further decrease to negligible amount 
by 1985. With proper education, the users of Category III aircraft 
will not consider the extra cost of two engines to be a worthwhile 
expenditure . 


Figures 8.3.1 . 8.3.2 . 8.3.3 and 8.3.4 present tabular comparisons of 
the Baseline Aircraft with present and advanced technology engines. 

The characteristics of the present technology baseline designs in these 
tables differ from those listed in Section 7*5# as the result of more 
refined inputs to the analysis. The values were not. corrected in Section 
7.3 because they are valid in serving the purpose of comparing configurations. 
In terms of initial aircraft cost, the advanced technology rotating com- 
bustion engine effects a 16$ reduction over the reciprocating engine in 
Category I, and much larger reductions over the gas turbine in Categories 
II (5Q76), III (29 $) and IV (35$) • Operating costs at 300 hrs/yr are 
reduced by 6.5 $ in Category I; 17*5$ in Category II; 5»0$ in Category III; 
and 20.0$ in Category IV. 

Figure 8. 3. 3.1 presents a tabular comparison in Category III between 
the twin engine/propeller Advanced Technology Aircraft with pressurization 
and high altitude cruise capability (described in Section 8.5.1 ) and the 
single turbofan design. Both aircraft have had the application of 
advanced structural materials, covered in Section 8.3 .3 • Both candi- 
dates are designed to cruise at 20,000 ft. and include cabin pressuriza- 
tion. At this altitude, the optimum cruising speed of the turbofan 
aircraft is 300 kts (50 kts in excess of the minimum requirement). 

The difference in requirements between the two is in the area of external 
noise level, being 75 PNdb for the propeller aircraft and 85 PNdb for 
the turbofan, both at 500 ft. distance. While the effect of the higher 
noise level and that of high altitude operation have been separately assessed 
for the propeller-driven aircraft, they have not been analyzed in combination. 
The initial cost of this aircraft is 65 $ higher than that of the twin 
engine/propeller design. Despite that handicap, its operating cost at 
300 hrs/yr is only 4 $ higher. The latter characteristic, plus the con- 
venience of higher cruise speed should result in preference by a large 
segment of potential corporate owners. Figure 8. 3. 3.2 shows the general 
arrangement of this aircraft. 


V 


FIGURE 8.3.1 
CATEGORY I COMPARISON: 

EFFECT OF ADVANCED PROPULSION 

(Single Engine Pusher ; 4-Place; 1000 ft. Field Length; 500 Mi. Range; 75 PNdb @ 500 ft.) 


Configuration 


Baseline 

Advanced 

General Arrangement Figure No. 


7.5.5 

Not Avail. 

Type of Engine 


Recip. 

Rot. Comb. 

Gross Weight 

(lbs) 

2674 

2558 

Weight Empty 

(lbs) 

1565 

1456 

Fueli Capacity 

(gal) 

40 

59 

Max. Engine H.P. 


169 

1 64 

Cruise Speed 

(kts) 

145 

145 

Cruise Power 

(pet. normal) 

75 

75 

Propeller Diameter 

(ft) 

7. 80 

7.68 

Wing Loading 

(lbs/sq.ft. ) 

12.70 

13.01 

Initial Cost (1970 basis) 

( 1 ) 

22,171 

18,660 

Operating Cost- 100 hrs./yr. 

($/mile) 

0.249 

0.226 

- 300 hrs./yr. 


0.135 

0.126 

- 500 hrs./yr 


0.112 

0.106 


FIGURE 8.3.2 
CATEGORY II COMPARISON: 
EFFECT OF ADVANCED PROPULSION 


(Single Engine Pusher; 4-Place; 500 

Ft. Field Length 

; 500 Mi. Range; 

75 PNdb @ 500 

Configuration 


Baseline 

Advanced 

General Arrangement Figure No. 


7.5.9 

Not Avail. 

Type of Engine 


Turboprop 

Rot. Comb. 

Gross Weight 

(lbs) 

4274 

4012 

Weight Empty 

(lbs) 

2570 

2575 

Fuel Capacity 

(gal) 

126 

95 

Max. Engine H.P. 


516 

512 

Cruise Speed 

(kts) 

200 

200 

Cruise Power 

(pet. normal) 

90 

75 

Propeller Diameter 

(ft) 

11.92 

11.88 

Wing Loading 

(lbs/sq. ft.) 

12.42 

13.39 

Initial Cost (1970 basis) 

(I) 

122,293 

61,391 

Operating Cost- 100 hrs/yr 

(I/mile) 

0.668 

O.456 

- 300 hrs/yr 


0.320 

O.264 

- 500 hrs/yr 


0.251 

0.226 
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FIGURE 8.5.3 
CATEGORY III COMPARISON: 
EFFECT OF ADVANCED PROPULSION 


Engine /Propeller; 6- Place; 1500 ft. Fie Id Length; 

1500 Mi. Range; 

75FNdb @ 500 

Configuration 


Baseline 

Advanced 

General Arrangement Figure No. 


7.5.13 

Not Avail. 

Type of Engine (2 installed) 


Turboprop 

Rot. Comb. 

Gross Weight 

(lbs) 

9,187 

8,740 

Weight Empty 

(Its) 

4,751 

5,120 

Fuel' Capacity 

(gal) 

482 

582 

Max. H.P. per engine 


511 

528 

Cruise Speed 

(kts) 

250 

250 

Cruise Power 

(pet. normal) 

90 

75 

Propeller Diameter 

(ft.) 

17.4 

17.7 

Wing Loading 

(lbs/sq.ft. ) 

41.7 

44.8 

Initial Cost (1970 basis) 

<*) 

335,885 

239,056 

Operating Cost- 100 hrs/yr 

($/mile) 

1.686 

1.605 

- 500 hrs/yr 


0.715 

0.680 

- 500 hrs/yr 


0.521 

0.496 

FIGURE 8.5.4 



CATEGORY IV COMPARISON 



EFFECT OF ADVANCED PROPULSION 


(Single Engine Helicopter 

; 4 Place; 500 Mi. Range; 73 PNdb @ 500 ft) 

Configuration 


Baseline 

Advanced 

General Arrangement Figure No. 


7.5.15 

Not Avail 

Type of Engine 


Turboshaft 

Rot. Comb. 

Rotor Tip Speed: Hover/Cruise 

(ft/sec) 

550/600 

550/600 

Cruise Speed (5000 ft. alt.) 

(kts) 

150 

150 

Solidity Ratio 


0.100 

0.100 

Gross Weight 

(lbs) 

5646 

4502 

Weight Empty 

(lbs) 

3501 

2871 

Main Rotor Diameter 

(ft) 

46.0 

41.1 

Disc Loading 

(lbs/sq.ft) 

3.40 

3.40 

Max. Engine H.P. 


641 

539 

Initial Cost (1970 Basis) 

(I) 

270,406 

175,287 

Operating Cost- 100 hrs/year 

($/mile) 

3.465 

2.764 

- 500 hrs/year 


1.588 

1.107 

- 500 hrs/year 


O .670 

0.774 


FIGURE 8. 3. 3.1 
CATEGORY III COMPARISON 
TWIN ENGINE/FROFELLER VS. SINGLE TURBOFAN 

(Advanced Technology; 6 Piece; 1,500 Ft. Field Length; 
1 , 500 Mile Range .) 


Configuration 


2 Eng. /Prop. 

Single Turbofan 

Noise Level at 500 ft. (PNdb) 


75 

85 

General Arrangement Figure No. 


N.A. 

CM 

• 

N"\ 

• 

N"\ 

• 

ao 

Cruise Altitude 

(ft) 

20,000 

20,000 

Cabin, Pressurization 


Yes 

Yes 

Cruise Speed 

(kts) 

250 

300 

Gross Weight 

(lbs) 

6624 

8776 

Weight Empty 

(lbs) 

3692 

3594 

Fuel Capacity 

(gal) 

279 

591 

Propeller Diameter 

(ft) 

15.09 

- 

Max. H.P. per Engine 


378 

- 

Static Thrust per Engine 

(lbs) 

- 

2875 

Wing Loading 

(lbs/sq.ft. ) 

33.95 

29.63 

Initial Cost (1970 Basis) 

(I) 

136,234 

207,321 

Operating Cost - 100 hrs/yr 

(J/Mile) 

1.141 

1.165 

- 300 hrs/yr 


0.510 

0.532 

- 500 hrs/yr 


0.384 

0.405 
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8.J.3 Airframe Structure 


Referring to Section 1 * 2 , weight reduction factors were established 
and tabulated for the principal items of airframe structure and mechan- 
ical systems. The cost factors for purchasing and applying the advanced 
structural materials are covered in Section 1 * 3 * Tabular comparisons 
for each of the four Categories are shown in Figures 6.3.5 * 8.3.6 . 

8.3.7 and 8.3.8 . 

Despite the higher cost of composite materials , the offsetting 
factors of lighter weight and applicability to lower cost production 
processes result in net cost savings. When compared with the Present 
Technology Baseline Designs , which utilize conventional aluminum alloy 
and steel materials , the use of advanced materials and processes reduces 
the initial aircraft cost by 17 $ in Category I; 19$ in Category II ; and 
13$ in Categories III and IV. Operating costs at 300 hrs/yr. are 
reduced by 12.0$ in Category I; 15*5$ in Category II ; 6.5$ in Category III; 
and 11.0$ in Category IV. 


FIGURE 8.3.5 
CATEGORY I COMPARISON: 

EFFECT OF ADVANCED MATERIALS 

(Single Engine Pusher; 4-Place; 1000 Ft. Field Length; 500 Mi. Range; 75 PNdb @ 500 Ft.) 


Configuration 


Ba seline 

Advanced 

General Arrangement Figure No. 


7.5.5 

Not Avail. 

Type of Engine 


Recip. 

Recip. 

Gross Weight 

(lbs) 

2674 

2370 

Weight Empty 

(lbs) 

1565 

1279 

Fuel Capacity 

(gal) 

40 

57 

Max.' Engine H.P. 


169 

155 

Cruise Speed 

(kts) 

145 

145 

Cruise Power 

(pet. normal) 

75 

75 

Propeller Diameter 

(ft) 

7. 80 

7-48 

Wing Loading 

(lbs/sq.ft.) 

12.70 

15.59 

Initial Cost (1970 basis) 

(I) 

22,171 

18,356 

Operating Cost- 100 hrs./yr. 

($/mile) 

0.249 

0.216 

- 500 hrs/yr. 


0.135 

0.119 

- 500 hrs/yr. 


0.112 

0.100 


FIGURE 8.3.6 
CATEGORY II COMPARISON: 

EFFECT OF ADVANCED MATERIALS 

(Single Engine Pusher; 4-Place; 500 Ft. Field Length; 500 Mi. Range; 75 PNdb @ 500 ft) 


Configuration 


Baseline 

Advanced 

General Arrangement Figure No. 


7.5.9 

Not Avail. 

Type of Engine 


Turboprop 

Turboprop 

Gross Weight 

(lbs) 

4274 

5552 

Weight Empty 

(lbs) 

2570 

1959 

Fuel Capacity 

(gal) 

126 

110 

Max. Engine H.P. 


516 

451 

Cruise Speed 

(kts) 

200 

200 , 

Cruise Power 

(pet. normal) 

90 

90 

Propeller Diameter 

(ft) 

11.92 

11.16 

Wing Loading 

(lbs/sq.ft. ) 

12.42 

15.29 

Initial Cost (1970 basis) 

( 1 ) 

122,295 

99,525 

Operating Cost- 100 hrs/yr 

- 300 hrs/yr 

- 500 hrs/yr 

(I/mile) 

0.668 

0.320 

0.251 

0.559 

0.270 

0.212 


244 






FIGURE 8.3.7 
CATEOGRY III COMPARISON: 

EFFECT OF ADVANCED MATERIALS 

(2 Engine/ Propeller; 6 Place; 1500 Ft. Field Length; 1500 Mi. Range; 75 PNdb @ 500 Ft.) 


Configuration 


Baseline 

Advanced 

General Arrangement Figure No. 


7.5.13 

Not Avail. 

Type of Engine (2 installed) 


Turboprop 

Turboprop 

Gross Weight 

(lbs) 

9187 

8410 

Weight Empty 

(lbs) 

4751 

3992 

Fuel Capacity 

(gal) 

482 

479 

Max H.P. per engine 


511 

504 

Cruise Speed 

(kts) 

250 

250 

Cruise Power 

(pet. normal) 

90 

90 

Propeller Diameter 

(ft) 

17.4 

15.1 

Wing Loading 

(lbs/sq.ft. ) 

41.7 

36.20 

Initial Cost (1970 basis) 

(#) 

535,885 

291,559 

Operating Cost- 100 hrs/yr. 

- 300 hrs/yr. 

- 500 hrs/yr. 

($/mile) 

1.686 

0.715 

0.521 

1.565 

0.669 

0.489 


FIGURE 8.3.8 
CATEGORY IV COMPARISON 


EFFECT OF 

ADVANCED MATERIALS 


(Single Engine Helicopter; 4 Place; 500 Mi. 

Range; 75 PNdb @ 500 Ft.) 

Configuration 


Baseline 

Advanced 

General Arrangement Figure No. 


7.5.15 

Not Avail. 

Type of Engine 


Turboshaft 

Turboshaft 

Rotor Tip Speed: Hover/Cruise 

(ft/sec) 

550/600 

550/600 

Cruise Speed (5000 ft. alt.) 

(kts) 

150 

150 

Solidity Ratio 


0.100 

0.100 

Gross Weight 

(lbs) 

5646 

4660 

Weight Empty 

(lbs) 

3501 

2690 

Main Rotor Diameter 

(ft) 

46.0 

41.8 

Disc Loading 

(lbs/sq.ft) 

3.40 

5.40 

Max. Engine H.P. 


641 

553 

Initial Cost (1970 Basis) 

(•) 

270,406 

235,036 

Operating Cost- 100 hrs/year 

($/mile) 

3.465 

3.100 

- 300 hrs/year 


1.388 

1.240 

- 500 hrs/year 


0.970 

0.868 
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8.3*4 Combined Propulsion and Airframe Structure Technology 


Figures 8.3*9 # 8.3*10 # 8.3*11 and 6.5.12 show the effect of projecting 
the baseline designs in each of the four Categories into the 1985 time 
frame by combining the effects of propulsion and airframe structure tech- 
nology. The major points of comparison are illustrated in bar chart form 
in F igures 8. 3*9.1 . 8.3.10.1 . 8.3.11 .1 . and 8.3.12.1 . The resulting 
configurations are illustrated in Figures 8.5.13 . 8.5.14 . 8.3.15 and 8,5.16 . 
They become new baseline designs for evaluation of the remaining sensitivity 
studies . 

When compared with the Present Technology Baseline Designs, substantial 
reductions are effected in both initial and operating costs. Initial 
cost is reduced by 30% in Category I; 63% in Category II; 48% in Category 
III; and 43% in Category IV. Operating cost at 300 hrs/yr. is reduced 
by 17% in Category I; 31% in Category II; 16% in Category III; and 27% 
in Category IV. These reductions emphasize the importance of advanced 
technology applications, which can be brought about by continued research 
and development, dissemination of technical information to the general 
aviation industry and the ensuing competition between manufacturers. 


FIGURE 8.3.9 
CATEGORY I COMPARISON: 

COMBINED EFFECT OF ADVANCED PROPULSION AND MATERIALS (ADV. TECHNOLOGY) 

(Single Engine Pusher; 4 Place; 1000 Ft. Field Length; 500 Mi. Range; 75 PNdb @ 500 Ft.) 


Configuration 


Baseline 

Advanced 

General Arrangement Figure No. 


7.5.5 

8.5.15 

Type of Engine 


Recip. 

Rot. Comb. 

Gross Weight 

(lbs) 

2674 

2285 

Weight Empty 

(lbs) 

1565 

1199 

Fuel Capacity 

(gal) 

40 

36 

Max. Engine H.P. 


169 

152 

Cruise Speed 

(kts) 

145 

145 

Cruise Power 

(pet. normal) 

75 

75 

Propeller Diameter 

(ft) 

7. 80 

7.59 

Wing Loading 

(lbs/ sq.ft . ) 

12.70 

15.89 

Initial Cost (1970 basis) 

(*) 

22,171 

15.58Q 

Operating Cost- 100 hrs./yr. 

- 300 hrs./yr. 

- 500 hrs./yr. 

($/mile) 

0.249 

0.135 

0.112 

0.198 

0.112 

0.095 

FIGURE 8.3.IO 
CATEGORY II COMPARISON: 

COMBINED EFFECT OF ADVANCED PROPULSION AND MATERIALS (ADV. 

TECHNOLOGY) 

(Single Engine Pusher; 4 Place; 500 

Ft. Fielt Length; 500 Mi. Range; 75 PNdb 

Configuration 


Baseline 

Advanced 

General Arrangement Figure No. 


7.5.9 

8.3.14 

Type of Engine 


Turboprop 

Rot. Comb. 

Gross Weight 

(lbs) 

4,274 

5,556 

Weight Empty 

(lbs) 

2,570 

1,978 

Fuel Capacity 

(gal) 

126 

84 

Max. Engine H.P. 


516 

452 

Cruise Speed 

(kts) 

200 

200 

Cruise Power 

(pet. normal) 

90 

75 

Propeller Diameter 

(ft) 

11.92 

11.16 

Wing Loading 

(lbs/sq. ft.) 

12.42 

14.52 

Initial Cost (1970 basis) 

(♦) 

122,295 

45,054 

Operating Cost- 100 hrs/yr. 

- 300 hrs/yr. 

- 500 hrs/yr. 

(S/mile) 

0.668 
0.520 
0.25 1 

0.571 

0.221 

0.191 


FIGURE 8.3.11 
CATEGORY III COMPARISON: 

COMBINED EFFECT OF ADVANCED PROPULSION AND MATERIALS (ADV. TECHNOLOGY) 

(2 Engine/Propeller; 6 Place; 1500 Ft. Field Length; 1500 Mi. Range; 75 PNdb @ 500 Fc. ) 


Configuration 

General Arrsngt nent Figure No. 
Type of Engine (2 Installed) 
Gross Weight 
Weight Empty 


Baseline 


Advanced 


(lbs) 

(lbs) 


7.5.13 

Turboprop 

9187 

4751 


8.3.15 
Rot. Comb. 
7523 
4119 


Fuel Capacity 

(Gal) 

482 

361 

Max.H.P. per engine 


511 

500 

Cruise Speed 

(kts) 

250 

250 

Cruise Power 

(pet. normal) 

90 

75 

Propeller Diameter 

(ft) 

17.4 

15.06 

Wing Loading 

( lbs/ sq.ft. ) 

41.7 

40.0 

Initial Cost (1970 basis) 

(1) 

335,885 

172,517 

Operating Cost- 100 hrs/yr. 

(S/mile) 

1 . 686 

1.293 

- 300 hrs/yr. 


0.715 

0.601 

- 500 hrs/yr. 


0.521 

0.462 

FIGURE 8.3.12 



CATEGORY IV COMPARISON 



COMBINED EFFECT OF ADVANCED PROPULSION AND MATERIALS (ADV. 

TECHNOLOGY) 

?le Engine Helicopter; 4 Place; 500 Mi. 

Range; 75 PNdb @ 500 Ft.) 

Configuration 


Baseline 

Advanced 

General Arrangement Figure No. 


7.5.15 

8.3.16 

Type of Engine 


Turboshaft 

Rot. Comb. 

Rotor Tip Speed: Hover/Cruise 

(ft/sec) 

550/600 

550/600 

Cruise Speed (5000 ft. alt.) 

(kts) 

150 

150 

Solidity Ratio 


0.100 

0.100 

Gross Weight 

(lbs) 

5646 

3804 

Weight Empty 

(lbs) 

3501 

2259 

Main Rotor Diameter 

(ft) 

46.0 

37.8 

Disc Loading 

(lbs/sq.ft) 

3.40 

3.40 

Max. Engine H.P. 


64I 

477 

Initial Cost (1970 Basis) 

(S) 

270,406 

153,289 

Operating Cost- 100 hrs/yr. 

($/Mile) 

3.465 

2.518 

- 300 hrs/yr. 


1.388 

1.007 

- 500 hrs/yr. 


0.670 

0.705 
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FIGURE 8.3.9. 1 


B - 1970 BASELINE 
P - ADV. PROPUL. 

M - ADV. MATLS. 
P/M - ADV. PROPUL 
& MATLS. oc 


POWER 




OPERATING COST 
300 hrsar 


FIGURE 8,3.11.1 EFFECT OF ADVANCED TECHNOLOGY, CATEGORY 


* T/r HAS 85 PNdb NOISE LEVEL 

OTHERS HAVE 75 PNdb (ALL AT 500 FT.) 


(1000 LBS) 


! 




Mgs 


'm I 


WEIGHT 


(1000 HP) 
r P 


POWER 


PRICE 


B - 1970 BASELINE 
P - ADV. PROPUL. 

M - ADV. MATLS. 

P/M - ADV. PROPUL 
& MATLS. 

T/F*- ADV. PRO PUL. & 

MATLS. (TURBOFAN) 


OPERATING COST 
300 hrsAR 




i 




B - 1970 BASELINE 
P - ADV. PROPUL. 
M -ADV. MATLS. 
P/M - ADV. PROPl 
& MATLS. 




FIGURE 8.3.13 
GENERAL ARRANGEMENT 
CATEGORY I PUSHER PROP 
ADVANCED TECHNOLOGY 



SCALE INCHES 


’.3' 











, jr. J\ A iv". I 0.1 r i. 

' A 1 NG AbPEC 1 RA"! i 0 8.00 

:WI.\G TAPER RATIO 0.00 
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FIGURE 8.3.15 
GENERAL ARRANGEMENT 

CATEGORY III 2-ENG./PR0P 
! ADVANCED TECHNOLOGY 










8.3*5 Autogyro Configuration (Category II) 


The autogyro configuration was not considered as a baseline 
candidate in Category II. Since it was programmed for the sensi- 
tivity analyses, the effects of advanced technology in both the 
propulsion and structural areas were included at the start. 

Although the autogyro can come close to matching the vertical 
performance of the helicopter, it is not a true VTOL configuration, 
and hence has been placed in the STOL Category. The inclusion of 
rotor run-up by the engine, prior to takeoff, with the blades in 
flat pitch, permits vertical takeoff with respect to ground distance. 
However, the rotor becomes immediately disconnected from the engine 
at lift-off, and the transition into forward flight must rely on 
rotor inertia until effective forward speed is established by pro- 
peller thrust. 


It has been assumed that the engine will turn the 
rotor to a 33$ increase over its steady state RPM prior to lift-off, 
permitting a vertical "jump" to 50 ft., whereupon sufficient forward 
speed to establish the selected rotor RPM at minimum power must be 
reached within 500 ft. of the takeoff point, without loss of altitude. 

The general arrangement is shown in Figure 8.3.17 . The tractor 
propeller installation was chosen to minimize the cabin height 
above the ground by the use of positive attitude with respect to 
the ground. The 200 knot cruising speed requirement of Category 
II requires the use of a fixed wing to assume 90$ of the total 
lift in cruise, in order to avoid retreating blade stall problems 
and maximize the L/D ratio. A precedent for this design philosophy 
was the Air Force/Army XV-1 "Convertiplane, " pioneered by the 
1?, "Donnell Aircraft Corporation and developed during the period 
between 1951 and 1956. It differed from the design presented here 








by the use of a jet-powered rotor, which permitted true hovering , 

In cruise flight the wings assumed 90% of the total lift. 

The development program was wholly successful, although there was 
no subsequent production (the main objection being rotor noise). 

The steady-state rotor tip speed selected is 550 ft/sec, under the 
75 PNdb at 500 ft. noise constraint. This speed is consistent with 
that of the helicopter, discussed in Section 7»5»4» A solidity 
rati' of 0.07, in combination with an operational blade lift coef- 
ficient of 0.48 were selected for minimum rotor drag, which are 
consistent with a rotor disc loading of 4.0. The wing area was 
selected using a nominal wing loading of 80 ( an actual wing loading 
of 72 in cruise flight). Drag analysis was consistent with that 
of the fixed wing aircraft, with the addition of the rotor and a 
50% increase of body drag due to rotor interference. The propeller 
was selected on the basis qf the thrust required for acceleration 
to the speed for minimum T/w in 500 ft. This was found to occur 
ot a rotor blade advance ratio of 0.1 5» equivalent to about 48 
knots, and permits a 750 ft/min. rate of climb after passing the 
obstacle. The propeller tip speed was programmed for the noise 
constraint, as a function of thrust/power. 

The total drag in cruise flight is expressed as 0.055 W + 5»0q, 

6 

from which cruise power can be programmed as 0.0366 W + 242 at 
V cr * 200 knots. Takeoff power is determined by acceleration 
requirements and is governed by a required thrust/weight ratio 
of O.368 at 48 knots. At gross weights above 3»750 lbs, takeoff 
power exceeds cruise power. The required cruise fuel is determined 
from cruise power, using an SPC of O.46, characteristic of the 
rotating combustion engine. The gross weight, minus the required 
fuel and payload, establishes an available weight empty figure, 
which is matched to the required weight empty, determined by inte- 
grating the component weights. 


Figure 8.3.18 presents a comparison between the autogyro and fixed wing 
configurations in Category II, showing the latter to be superior with 
respect to weight and cost. The calculated price is higher by a factor 
of 4.6, which reflects the higher cost per pound of rotary wing hardware. 
Nevertheless, the autogyro, though theoretically a STOL aircraft, can be 
termed a V/STOL for all practical purposes. The table below compares the 
autogyro in Category II with the helicopter in Category IV: 




Autogyro 

Helicopter 

General Arrangement Figure 

No. 

8.3.17 

8.3.16 

Gross Weight 

(lb.) 

4,000 

3,804 

Weight Empty 

(lbs) 

2,559 

2,259 

Main Rotor Diameter 

(ft) 

35.7 

CD 

• 

N"\ 

Rotor Disc Loading 

(lbs/sq.ft) 

4.00 

3.40 

Max. Engine H.F. 


397 

477 

Cruise Speed 

. (kts) 

200 

150 

Initial Cost (1970 Basis) 

(*) 

207,000 

153,289 

Operating Cost - 300 hrs/yr. (S/mile) 

0.930 

1 .007 


The autogyro therefore might be considered a more desirable candidate 
than the helicopter in Category IV, since its cruise speed is 50 knots 
faster and its operating cost at 300 hrs/yr. is 6$ less. However, it is 
35 '$> more expensive to buy. 
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FIGURE 8.3.18 
CATEGORY II COMPARISON 


FIXED WING VS. AUTOGYRO ; 

ADVANCED PROPULSION AND MATERIALS TECHNOLOGY 


Configuration 


Fixed Wing 

Autogyro 

General Arrangement Figure No. 


8.3.14 

8.3.17 

Type of Engine 


Rot. Comb. 

Rot. Comb. 

Gross Weight 

(lbs) 

3,336 

4,000 

Weight Empty 

(lbs) 

1,978 

2,559 

Fuel Capacity 

(gal) 

84 

93 

Max. Engine H.P. 


452 

. 397 

Cruise Speed 

(kts) 

200 

200 

Cruise Power (pet. 

normal) 

75 

98* 

Propeller Diameter 

(ft) 

11.16 

IO .40 

Wing Loading (lb 

s/sq.ft) 

14.32 

80.0 

Initial Cost (1970 basis) 

(*) 

45,034 

207,000 

Operating Cost (300 hrs/year) 

($/mile) 

0.84 

0.93 


* flat rated 
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8.3*6 Utility and Convenience Features (Category I) 


8. 3 *6.1 Wing Folding and Roadability - The design and utility philosophy of these 
features are discussed in Section 5*7*1 • A tractor propeller design is 
analyzed with technology projected to the 1985 time frame. 

Two configurations were analyzed* towable and automotive. Both are 
equipped with manual wing folding, fixed rear bumper with trailer hitch 
apd a removable front bumper. The automotive version features ground 
traction main wheels, which are powered by a 50 hp AFU through a variable 
volume, hydraulic drive system. This system will permit speeds up to 50 
mph on the ground and the ability to negotiate a 10$ grade. The system 
regulates speed against load, similar to the action of an automatic trans- 
mission. 

Figure 8.3.19 illustrates the general arrangement and Figure 8.5.20 
shows a comparison with the advanced technology baseline pusher design 
of Category I. The towable version has a 7*5$ lower initial cost, due 
to the fixed (versus retractable) landing gear, but a 10$ higher operating 
cost due to higher drag. The operating cost of the roadable vehicles 
reflects the absence of tie-down or hangaring cost. The automotive version 
has a 17$ higher initial cost and a 27$ higher operating cost at 300 hrs/ 
year. It is doubtful that the latter would appeal to a large section of 
potential owners, despite the added convenience. Extensive operation on 
the road might result in extra maintenance problems, plus the risk of 
damage by collision with automobiles. More frequent FAA inspections 
would no doubt be required, creating an offsetting inconvenience. It 
is therefore concluded that the towable version offers appreciable con- 
venience advantages with but a modest increase in operating cost, but 
that the automotive version would probably not be competitive with conven- 
tional aircraft. 



VERSION 

TOWABLE 

AUTOMOTIVE 

GROSS WT. LBS 

2350 

2 670 

MAX. ENGINE H.P 

156 

178 

WING AREA SQ.FT 

168 

191 

PROP DIAM. FT. 

. 7.5 

8.0 

LENGTH 0. A. FT 



® HY DR. MOTORS 

NO 

YES 

<g> HYDR. PUMP 

NO 

YES 

©AUX. POWER UNIT 

NO 

YES 


FIGURE 8.3.19 
GENERAL ARRANGEMENT 
CATEGORY I ROADABLE A/C 
ADVANCED TECHNOLOGY 



SCALE INCHES, 



cn 



D 


HORIZ. TAIL 
FOLDED 




FIGURE 8.3.20 
CATEGORY I COMPARISON: 

EFFECT OF PROVIDING ROADABILITY; 
ADVANCED PROPULSION AND MATERIALS TECHNOLOGY 


Configuration 


General Arrangement Figure No. 

Type of Engine 


Gross Weight 

(lbs) 

Weight Empty 

(lbs) 

Fuel Capacity 

(gal) 

Max. Engine H.P. 


Cruise Speed 

(kts) 

Cruise Power 

(pet .normal ) 

Propeller Diameter 

(ft) 

Wing Loading 

(lbs/sq.ft. ) 

Initial Cost (1970 basis) 

(*) 

Operating Cost- 100 hrs/y 

ear.($/mile) 


- 300 hr s/year 

- 500 hrs/year 


Advanced 


Conventional 

Towable 

Automotive 

8.3.13 

8.3.19 

8.3.19 

RC 

RC 

RC 

2285 

2350 

2670 

1199 

1210 

1490 

36 

40 

47 

152 

156 

178 

145 

140 

140 

75 

75 

75 

7.39 

7.53 

8.04 

13.89 

14.0 

14.0 

15,589 

14,400 

18,250 

0.198 

0.220 

0.253 

0.112 

0.124 

0.143 

0.095 

0.105 

0.121 
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8. 3.6.2 All-Terrain Operation 

The application of an air cushion landing gear to achieve this 
objective is discussed in Sections 5*5-2 and 5*7*2. To date, only- 
one application has been made to a general aviation aircraft — the 
installation by Bell Aerosystems in a Lake LA-4* It can therefore 
be stated that very little in the way of technical data is avail- 
able at the present time. Previous studies performed by the Lockheed- 
Georgia Company, with application to transport aircraft in the 100,000 
( to 200,000 lbs gross weight range, have shown that there is an 
appreciable saving in landing gear weight possible, particularly 
when an additional power plant to energize the cushion is not 
required. Since a reasonably accurate analysis of the situation 
is not presently feasible, it has not been attempted separately. 
However, an air cushion gear installation, in combination with wing 
folding and some performance trades, has been analyzed and is covered 
subsequently in Section 9*0. 


8.3*7 Advanced Avionics and Automatic Flight Control 


The baseline aircraft of this study do not include any avionics 
equipment. Section 5*4 contains a full discussion of the present 
and predicted future course of avionics for general aviation use. 

The objects in achieving an automatic flight control capability 
are increased schedule availability of the aircraft and greater 
safety under IFR conditions. The investigation conducted in thi3 
study has led to the inclusion of the following airborne equipment 
in two alternate packages having varying degrees of utility, reliability 
and cost. Both have automatic flight control capability. The 
equipment lists are as follows: 


CATEGORY I - VFR OPERATION IN CONTROLLED AIRSPACE 


Function 

Quantity 

YHF Communication 

Single 

VOR/DME Navigation 

Single 

Area Navigation Computer 

Single 

(1) 

ATC Transponder v ' 

Single 

Estimated Installed Weight (lbs) 

40 

(2) 

Estimated Installed Cost v ' 

$6000 


Notes: 

(1) Includes the intermittent positive control (IPC) functions 
of altitude reporting, individual identity, and data link. 

(2) Computed at $150 per pound of avionics weight, this is 
considered reasonable for future Category I aircraft. 

(3) Controls and Indicators are assumed to be an integral 
part of the equipment which is instrument panel mounted. 
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CATEGORY II *• IPR OPERATION, MIN. 


CAPABILITY 


Function 


VHP Communication 

Single 

VOR/ILS/DME Navigation 

Single 

Area Navigation Computer 

Single 

(3) 

Displays'^' 

ADI/fcil 

Autopilot/Plight Director 

Yes 

(1 ) 

ATC Transponder' y 

Single 

Estimated Installed Weight (lbs) 

70 

(2) 

Estimated Installed Cost' 7 

$17,500 


NOTES: 

(1) Includes IPC/lFR functions of altitude reporting, individual 
identity, and data link. 

(2) Computed at $250 per pound of avionics weight. This is 
considered reasonable for future Category II aircraft used 
for IPR operations. 

(5) ADl/HSI separately mounted. Some controls may be integral 
with the equipment and instrument panel mounted. 
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CATEGORIES III & IV - IPR OPERATION, MAX. CAPABILITY. 


VHP Communication 

Dual 

VQR/DME Navigation 

Dual 

Area Navigation Computer 

Dual 

Microwave ILS 

Dual 

(1) 

ATC Transponder' ' 

Single 

Displays 

eadi/kisi 

Autopilot/Plight Director 

Yes 

Weather Radar 

Yes 

Collision Avoidance System 

ATA-Compatible 

Estimated Installed Weight (lbs) 

150 

(2) 

Estimated Installed Cost ' 1 

$48,000 


*With altitude reporting, individual identity and data link 


NOTES: 

(1) Includes IFC/lFR functions of altitude reporting, individual 
identity, and data link. 

(2) Computed at $250 per pound of avionics weight. This is 
considered reasonable for future Category II aircraft used 
for IPR operations. 


Categories III and IV aircraft are also evaluated with the minimum 
capability IPR equipment of Category II. Por these Categories 
the maximum capability equipment is designated "A" and the minimum 
capability equipment is designated H B". 

Figures 8.5.25 . 8.5.24 . 8.5.25 and 8.5.26 present tabular comparisons 
between the basic and advanced avionics technology aircraft in the 
four categories. As expected, the resulting increases in weight 
and size are modest and the increases in initial aircraft cost are 
in line with the average that operators are paying in proportion to 
the basic price of the aircraft. It is doubtful if such equipment 
will ever be offered as standard because a large majority of 
operators have individual preferences. 
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FIGURE 8.3.23 
CATEGORY I COMPARISON 

EFFECT OF ADVANCER AVIONICS AND AUTOMATIC FLIGHT CONTROLS 

(Advanced Technology; Single Engine Pusher; 4 Place; 1000 Ft. Field Length; 

500 Mi. Range; 75 PNdb @ 500 Ft.) 


Configuration 


Baseline 

Advanced 

Avionics 

General Arrangement Figure No. 


8.5.15 

N.A. 

Gross Weight 

(lbs) 

2285 

2558 

Weight Empty 

(lbs) 

1199 

1266 

Furl Capacity 

(e»l) 

56 

57 

Cruipe Speed 

(lets) 

145 

145 

Max. Engine H.P. 


152 

155 

Propeller Diameter 

(ft) 

7.59 

7.46 

Wing Loading 

(lbs/sq.ft) 

15.89 

15.68 

Initial Cost (1970 Basis 

(!) 

15,589 

21,589 

Operating Cost - 100 hrs/yr. 

($/kile) 

0.198 

0.500 

- 300 hrs/yr. 


0.112 

0.147 

- 5OO hrs/yr 


0.095 

0.116 


FIGURE 8.3.24 
CATEGORY II COMPARISON 

EFFECT OF ADVANCED AVIONICS AND AUTOMATIC FLIGHT CONTROL 

(Advanced Technology; Single Engine Pusher; 4 Place; 500 Ft. Field Length; 

500 Mi. Range; 75 PNdb @ 500 Ft.) 


Configuration 


Baseline 

Advanced 

Avionics 

General Arrangement Figure No. 


8.5.I4 

N.A. 

Gross Weight 

(lbs) 

5556 

5465 

Weight Empty 

(lbs) 

1978 

2027 

Fuel Capacity 

(gal) 

84 

86 

Max. Engine H.P. 


452 

459 

Cruise Speed 

(kts) 

200 

200 

Propeller Diameter 

(ft) 

11.16 

11.52 

Wing Loading 

(lbs/sq.ft) 

14.52 

14.15 

Initial Cost (1970 Basis 

(tf) 

45,034 

62,554 

Operating Cost - 100 hrs/yr 

($/MLle) 

0.571 

0.446 

- 500 hrs/yr 


0.221 

O.248 

- 500 hrs/yr 


0.191 

0.208 
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FIGURE 8.3.25 
CATEGORY III COMPARISON 

EFFECT OF ADVANCED AVIONICS AND AUTOMATIC FLIGHT CONTROL 
(Advanced Technology; Twin Engine/Prop; 6 Place; 1,500 Ft. Field Lengtn; 


1500 Mi. 

Configuration 

Range; 75 PNdb @ 500 

Ft.) 

Baseline 

Advanced 

A 

Avionics 

B 

General Arrangement Fig. No 

• 

8.5.15 

N. A. 

N. A. 

Gross Weight 

(lbs) 

7523 

7809 

7651 

Weight Empty 

(lbs) 

4119 

4211 

4160 

Fuel Capacity 

(gal.) 

561 

368 

364 

Max'H.P. per Engine 


500 

510 

504 

Cruise Speed 

(kts) 

250 

250 

250 

Propeller Diameter 

(ft) 

15.16 

1,5.21 

15. 18 

Wing Loading 

(lbs/sq. ft) 

39.97 

39.35 

39.69 

Initial Cost (1970 Basis) 

(1) 

172,517 

227,066 190,017 

Operating Cost- 100 hrs/yr. 

(I/Mile) 

1.293 

1.436 

1.345 

- 300 hrs/yr. 


0.601 

0.652 

0.619 

- 500 hrs/yr. 


O.462 

0.495 

0.474 


FIGURE 8.3.26 
CATEGORY IV COMPARISON 

EFFECT OF ADVANCED AVIONICS AND AUTOMATIC FLIGHT CONTROL 

(Advanced Technology; Single Engine Helicopter; 4-Place; 500 Mi. Range; 

7t PNdb @ 500 Ft.) 


Configuration 


Baseline 

Advanced Avionics 

A ‘R 

General Arrangement Figure No. 


8.3.16 

N.A. 

N.A. 

Rotor Tip Speeds Hover/Cruise 

(ft/sec) 

550/600 

550/600 

550/600 

Cruise Speed (5000 ft. alt.) 

(kts) 

150 

150 

150 

Solidity Ratio 


0.100 

0.100 

0.100 

Rotor Diamejssr, Drain 

(ft.) 

37.8 

39.5 

38.6 

Disc Loading 

(lbs/eq.ft. ) 

3.40 

3.40 

3.40 

Gross Weight 

(lbs) 

3804 

4162 

3964 

Weight Empty 

(lbs) 

2259 

2422 

2332 

Max. Engine H.P. 


477 

509 

491 

Initial Cost (1970 Basis) 

(!) 

153,287 

213,992 

170,787 

Operating Cost- 100 hrs/yr. 

($/Mile) 

2.518 

2.965 

2 e 663 

- 300 hrs/yr. 


1.007 

1.188 

1.075 

- 500 hrs/yr. 


0.705 

0.831 

0.750 


8*4 Effect of Safety Features 


8.4.1 General 


The requirements and constraints imposed on this study include the 
evaluation of safety features over and above those presently required 
by the FAA. These are listed in Section 4.0. Rather than evaluate each 
item separately, which would be time-consuming and relatively inconclusive, 
it was decided to assign the required items to two groups: structural 

i 

safety and system safety. These groups are evaluated separately and in 
combination. 

8.4.2 Extra Structural Safety 

This term is not meant to imply that the basic aircraft configurations 
are unsafe, since they are designed to meet current FAA regulations. The 
items included in this package provide an extra margin of safety against 
the relatively few instances when abnormal conditions are encountered. 

These include severe maneuvers and gusts; hard and moderate crash landings. 
They include the following provisions: 

( a ) 9.0 g ultimate maneuver load factor , (or 6.0 g limit load factor) 
which call for increased strength in the wing, fuselage and tail. 

Since load factor appears in the statistical weight formulas applied 
to the computer programs as an experimental term, the effect can 

be readily expressed in terms of added weight, hence higher cost. This 
factor represents a 58$ increase over that of the baseline designs. 

This does not apply to the helicopter configuration of Category IV 
which due to rotor flexure cannot develop applied load factors 
exceeding about 5*5 g. 

(b) 15 ft/sec design rate of sink, which directly effects the 
weight and cost of the landing gear. In order to preserve 
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the same maximum load transmitted to the body structure as 
does a landing gear designed for the standard 10 ft/sec. rate', 
the shock absorber stroke must be increased. Using the basic 
energy formula, an 80$ increase of stroke is required, which 
was found to increase the length of the average gear applied 
to this study by 30 $ since length appears as an exponential 
term in the statistical landing gear weight formula; The 
effect can readily be expressed in terms of added weight and 
cost. 

1 

(c) Crash Resistant Structure , which is difficult to define without 
a detailed analysis of each design. After reviewing similar 
applications, it was decided to use a weight increase factor 
of 1.10 applied to that of the fuselage. With careful design 
practice, impact velocities of 20 to 30 ft/sec. with vertical 
accelerations of 12 to 15 g. can be sustained, with zero to 
relatively minor injury of the occupants. This weight allowance 
includes shoulder harness, integral seats, and extra restraint 
of the engine and other potentially lethal items. It also 
implies a base structure of energy absorbing material, which 
cushions the impact shock by yielding. 

8.4*3 Extra Systems Safety . 

Again, this term implies an extra degree of safety over that of 
present general aviation aircraft systems. Its purpose is to 
provide extra safety in abnormal weather, prevent fire after severe 
impact and offer pilot control aids, particularly in the landing 
operation. It also includes provision for locating the airplane 
after a forced landing. 


The systems safety package includes the following items 


(a) A wing, tail, and propeller anti-icing system , which can take 
a number of forms. For most purposes, the leading edge flex- 
ible boot type is best for the wing and tail, while inter- 
mittent electrical resistance heat is usually best for the 
propeller. The total subsystem weight is estimated to be 
0.5 lbs. per sq. ft. of wing area. 

(b) A lateral stabilization , or wing leveling device to insure 
level landings and to relieve the work load during cruise 
flight. This is a single axis autopilot of a type currently 
provided in contemporary aircraft, and is estimated to weigh 
3 lbs. and cost $600 in 1985. 

(c) An automatic landing flare system , measuring height above the 

runway by using a radio altimeter and outputting a signal to 
an actuator in the form of a stick puller, or a series 
actuator in the elevator control system. The main components 
are: radio altimeter; accelerometer; flare computer; actuator. 

The estimated installed weight is 7-0 lbs., with an installed 
cost of $2500 in 1985* 

(d) A crash locater beacon , which is actuated by impact and trans- 
mits an identifiable signal which enables search parties to 
locate the disabled aircraft. It is estimated to weigh 

2 lbs. and cost $100 in 1985. 

(e) Remote fuel tank location , to avoid spilling fuel in the vicinity 
of ohe cabin, following a crash. These units can be either 

in the outboard half of the wing or can be streamlined tip 
tanks. The effect of the latter is generally to reduce the 
lift-induced drag enough to offset the increase in zero lift 
drag. The internal tanks would be constructed of tear-resistant, 
flexible material. An additional weight allowance of 0.05 lbs. 
per lb. of fuel has been made for this provision. 
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(f) A fire retardant system for the fuel system to prevent the 

outbreak of fire if the fuel tanks become ruptured. This can 
be either a pressurized gas inerting system or the use of 
i*eticulated foam in the tank. The latter method inhibits fire 
by enriching the gasoline/air mixture by causing particles of 
fuel to cling to the foam, and is in present use by the military 
to prevent fire due to the entrance of incendiary bullets. 

An additional weight allowance of 0.05 lbs. per lb. of fuel has 
( been made for this provision. 

8.4*4 Extra Total Safety 

This term implies a combin' of Extra Structural Safety and 
Extra System Safety. 

Figures 9.4.1, 8.4.2, 8.4*3 and 8.4*4 compare the separate effects 
of adding Extra Structural Safety and Extra System Safety, and their 
combined effect, on the basic advanced technology aircraft in each 
of the four categories. Except for Category I, the addition of 
Extra System Safety is less costly than that of Extra Structural 
Safety. The former is believed to be more effective in providing 
a higher level of safety, since statistics show a relatively small 
number of severe or fatal accidents due to structural failure. 

The Extra Total Safety package increases the initial cost by 71$ 
in Category I; 75$ in Category II; 50$ in Category III and 16$ in 
Category IV. The operating cost at 300 hrs/yr. is increased by 
32$ in Category I; 37$ in Category II; 18$ in Category III; 
and 8$ in Category IV. The price of extra safety is, therefore, 
quite high and the willingness of prospective buyers to pay the 
price for extra peace of mind is questionable. The one category 
in which extra safety appears to be reasonably priced is Category IV. 
The helicopter does not require the additional weight allowance for 
high maneuver loads, and the provisions for high rate of descent and 
automatic flare enhance the inherent safety provided by autorotative 
landing capability. The effect on insurance rates have not been 
included for lack of specific information. A 50$ rate reduction would 
bring about approximately, a 10$ reduction in operating cost. 
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FIGURE 8.4.1 
CATEGORY I COMPARISON 


EFFECT 

OF SAFETY PROVISIONS 




(Advanced Technology; Single Engine Pusher; 4 Place; 

500 Mi. Range; 75 PNdb @ 500 Ft. 

1,000 Ft. Field Length; 

) 

Configuration 


Basic 

Extra 

Struct. 

Safety 

Extra 

System 

Safety 

Extra 

Total 

Safety 

General Arrangement Figure No. 

8.3.13 

N.A. 

N.A. 

N.A. 

Gross Weight 

(lbs) 

2285 

2565 

2494 

2868 

Weight Empty 

(lbs) 

1199 

1461 

1268 

1592 

Fuel Capacity 

(gal) 

56 

39 

38 

42 

Max. Engine H.P. 


152 

164 

161 

177 

Cruise Speed 

(kts) 

145 

145 

145 

145 

Propeller Diameter 

(ft.) 

7.39 

7.68 

7.61 

7.99 

Wing Loading 

(lbs/sq.ft) 

13.89 

13.00 

13.20 

12.25 

Initial Cost (1970 Basis) 

(♦) 

15,589 

20,276 

20, 201 

26,350 

Operating Cost -100 hrs/yr. 

-500 hrs/yr. 
-500 hrs/yr. 

(♦/mile) 

0.198 

0.112 

0.095 

0.235 

O .129 

0.108 

0.228 

0.129 

0.103 

O .276 

0.147 

0.120 

FIGURE 8.4.2 
CATEGORY II COMPARISON 
EFFECT OF SAFETY PROVISIONS 




(Advanced Technology; Single Engine Pusher; 4 Place; 500 Ft. 

500 Mi. Range; 75 PNdb @ 500 Ft.) 

Field Length; 

Configuration 


Basic 

Extra 

Struct. 

Safety 

Extra 

System 

Safety 

Extra 

Total 

Safety 

General Arrangement Figure ] 

No. 

8 . 3.14 

N.A. 

N.A. 

N.A. 

Gross Weight 

(lbs) 

3336 

3929 

3749 

4541 

Weight Empty 

(lbs) 

1978 

2499 

2137 

2803 

Fuel Capacity 

(gal) 

84 

94 

91 

104 

Max. Engine H.P. 


452 

505 

489 

560 

Cruise Speed 

(kts) 

200 

200 

200 

200 

Propeller Diameter 

(ft) 

11.16 

11.80 

11.60 

12.45 

Wing Loading 

(lbs/sq.ft ) 

14.32 

13.49 

13.72 

12.83 

Initial Cost (1970 Basis) 

( 1 ) 

45,034 

62,438 

54,181 

78,455 

Operating Cost- 100 hrs/yr. 

- 500 hrs/yr. 

- 500 hrs/yr. 

(♦/Mile) 

0.371 

0.221 

0.191 

0.457 

0.265 

0.224 

0.416 

0.244 

0.209 

0.537 

0.302 

0.255 
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FIGURE 8.4.5 
CATEGORY III COMPARISON 
EFFECT OF SAFETY PROVISIONS 

(Advanced Technology; 2-engine/propeller; 6 Place; 1,500 Ft. Field Length; 

1,500 Mi. Range; 75 PNdb @ 500 Ft.) 





Extra 

Extra 

Extra 

Configuration 


Basic 

Struct 

Systems 

Total 




Safety 

Sa fety 

Safety 

General Arrangement Figure ! 

No. 

8.5.15 

N.A. 

N.A. 

N.A. 

Gross Weight 

(lbs) 

7525 

8454 

81 39 

9548 

Weight Empty 

(lbs) 

4119 

4902 

4519 

5270 

Fuel Capacity 

(gal) 

561 

58' 

576 

408 

Max. H.P. per Engine 


vn 

O 

O 

552 

521 

564 

Cruise Speed 

(kts) 

250 

250 

2.50 

250 

Propeller Diameter 

(ft) 

15.06 

15.55 

15.58 

15.99 

Wing Loading 

(lbs/sq. ft ) 

59.97 

58.15 

58.69 

36.61 

Initial Cost (1970 Basis) 

(*> 

172,517 

226.065 

190,057 

259,423 

Operating Cost" 100 hrs/yr. 

($/mile) 

1.295 

1.449 

1.548 

1.552 

- JOO hrs/yr. 


0.601 

0.666 

0.626 

0.713 

- 500 hrs/yr. 


0.462 

O.510 

0.482 

0.545 


FIGURE 0.4.4 
CATEGORY IV COMPARISON 
EFFECT OF SAFETY PROVISIONS 


(Advanced Technology; Single Engine Helicopter; 4 Place; 500 Mi. Range; 

75 PNdb @ 500 Ft.) 


Configuration 


Basic 

Extra 

Struct. 

Safety 

Extra 

System 

Safety 

Extra 

Total 

Safety 

General Arrangement Figure No. 


8.3.16 

N.A. 

N.A. 

N.A. 

Rotor Tip Speed: Hover/Cruise 

(ft/sec) 

550/600 

550/600 

550/600 

550/600 

Cruise Speed (500 ft. a It.) 

(kts) 

150 

150 

150 

150 

Solidity Ratio 


0.100 

0.100 

0.100 

0.100 

Rotor Diameter, Main 

(ft) 

37-8 

38.7 

38.7 

39.8 

Disc Loading (lbs/sq. ft) 

3.40 

3.40 

3.40 

3.40 

Gross Weight 

'lbs) 

3804 

4001 

3999 

4212 

Weight Empty 

(lbs) 

2259 

2451 

2348 

2532 

Max. Engine H.P. 


477 

495 

495 

514 

Initial Cost (1970 Basis) 

(*) 

153,287 

166,276 

163,408 

177,389 

Operating Cost- 100 hrs/yr. 

(S/mile) 

2. 518 

2.630 

2.608 

2.734 

- 300 hrs/yr. 


1.007 

1.053 

1 .044 

1.092 

- 500 hrs/yr. 


0.705 

0.738 

0.731 

0.765 




8.5 Effect of Environmental Factors 


8.5.1 Cabin Pressurization and High Cruise Altitude 

These provisions are applied to the basic advanced technology aircraft in 
Categories I, II and III. The helicopter in Category IV cannot fly at its 
design cruise speed at altitudes in excess of 5000 ft. because of its low 
rotor RPM, which would create retreating blade stall in lower density air. 

The low RPM is a result of the noise level constraint. Flight above 5000 
ft requires reduced weight and speed. 

The application of cabin pressurization has been discussed in Section 5.6.1. 

It calls for a circular or near circular fuselage cross-section, so that 
the loads due to internal pressure can produce hoop tension stresses in the 
skin, rather than bending stresses in the frames. The use of fiber composite 
material, joined adhesively, provides adequate sealing without penalty. The 
rotating combustion engines are equipped with turbo-chargers, to provide sea 
level pressure to the engine air intake system at altitudes up to 20,000 ft. 

The air supply for pressurizing the cabin is bled from the turbocharger, 
passed through an intercooler and admitted to the cabin through a pressure 
regulator. A maximum cabin pressure differential of 4*5 psi is used. 
Refrigeration at low altitude is not provided, since it would become optional 
equipment, as in automobiles. 

The weight and cost of the complete turbocharger system and intercooler are 
incorporated in the pressurized aircraft data. In addition, the fuselage 
weight is increased 10 percent for pressurization loads. The effect of this 
change on the total increase in cost and weight of the airplane is also included 
It is assumed that the turbocharger bleed connection, and pressure regulator 
bleed valve, would be included in the weight and cost increases due xo the 
above allowances. 

Figures 8.5«1» 8.5-2, and 8.5. 3 present tabular comparisons between the basic 
and high altitude versions of the advanced technology aircraft in Categories 
I, II and III. Category I shows only a 3 % increase of initial cost, and a 3 % 
decrease in operating cost - the latter being due to lower fuel consumption. 

The main disadvantage is a reduction of wing loading, causing a 47 % increase 
of wing area. This complicates the problem of ground handling and storage, 
as well as increasing gust sensitivity. An increase in 
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FIGUBE 8.5.1 
CATEGORY I COMPARISON 

EFFECT OF PRESSURIZATION AND HIGH CRUISE ALTITUDE 

(Advanced Technology; Single Engine Pusher; 4 Place; 1000 Ft. Field Length; 

500 Mi. Range; 75 PNdb @ 500 Ft. 


Cruise Altitude 

(ft) 

7500 

20,000 

Cabin Pressurization 


No 

Yes 

General Arrangement Figure 

No. 

8.5.15 

N. A. 

Gross Weight 

(lbs) 

2285 

2559 

Weight Empty 

(lbs) 

1199 

1268 

Fuel Capacity 

(gal) 

56 

54 

Max. Engine H.P. 


152 

. 1 35 

Cruise Speed 

(kts) 

145 

145 

Propeller Diameter 

(ft) 

7.59 

6.91 

Wing Loading 

(lbs/ sq.ft.) 

15.89 

9.64 

Initial Cost (1970 Basis) 

(*) 

15,589 

15,992 

Operating Cost- 100 hrs/yr. 

- 500 hrs/yr. 

- 500 hrs/yr. 

($/mile) 

0.198 

0.112 

0.095 

0.194 

0.106 

0.088 


FIGURE 8.5.2 
CATEGORY II COMPARISON 

EFFECT OF PRESSURIZATION AND HIGH CRUISE ALTITUDE 

(Advanced Technology; Single Engine Pusher; 4 Place; 500 Ft. Field Length; 

500 Mi. Range; 75 PNdb @ 500 Ft.) 


Cruise Altitude 

(ft) 

7500 

20,000 

Cabin Pressurization 


No 

Yes 

General Arrangement Fig. No. 


8.5.14 

N.A. 

Gross Weight 

(lbs) 

5556 

5274 

Weight Empty 

(lbs) 

1978 

1985 

Fuel Capacity 

(gal) 

84 

71 

Max. Engine H.P. 


452 

567 

Cruise Speed 

(kts) 

200 

200 

Propeller Diameter 

(ft) 

11.16 

10.05 

Wing Loading 

(lbs/sq.ft) 

14.52 

10.97 

Initial Cost (1970 Basis) 

(*) 

45,054 

41,825 

Operating Cost- 100 hrs/yr. 

($/mile) 

0.571 

0.555 

- 500 hrs/yr. 


0.221 

0.192 

- 500 hrs/yr. 


0.191 

O.I65 
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FIGURE 8.5.5 
CATEGORY III COMPARISON 

EFFECT OF PRESSURIZATION AND HIGH CRUISE ALTITUDE 

(Advanced Technology; 2 engine/propeller 5 6 Place; 1,500 Ft. Field Length; 

1,500 Mi. Range; 75 FNdb @ 500 Ft.) 


Cruise Altitude 

(ft) 

7,500 

20,000 

Cabin Pressurization 


No 

Yes 

General Arrangement Figure No. 


8.5.15 

N.A. 

Gross Weight 

(lbs) 

7,525 

6 1 624 

Weight Empty 

(lbs) 

4,119 

5,692 

Fuel Capacity 

(gal) 

561 

279 

Max. H.P. per engine 


500 

578 

Cruise Speed 

(kts) 

250 

250 

Propeller Diair >ter 

(ft) 

15.06 

15.09 

Wing Loading 

(lbs/sq.ft.) 

59.97 

55.95 

Initial Cost (WO Basis) 

(*)• 

172,517 

156,254 

Operating Cost- 100 hrs/year 

(S/mile) 

1.295 

1.141 

- 500 hrs/year 


0.601 

0.510 

- 500 hrs/year 


0.462 

0.584 
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design cruise speed would partially offset this effect, but with 
some cost penalty. 

Category II shows a 7 i° reduction of initial cost and a 1 3% decrease 
in operating cost. Wing loading is also reduced, but the increase 
in wing area is partly offset by a reduction in gross weight, becom- 
ing only 17.5%. The high altitude version in this category is there- 
fore highly recommended. 

\ 

Category III shows a 21 % reduction of initial cost and a 15 decrease 
in operating cost. The wing area increase is only 3*5 The high 
altitude version is advantageous in every way. 

In summation, high altitude operation with a pressurized cabin is 
fully recommended for the aircraft in Categories II and III. In 
Category I it should be acoompanied by the provision of a higher 
cruise speed, hence more engine power, to offset the requirement 
for more wing area. High altitude operation in Category IV is not 
feasible. 

8.5.2 Effect of External Noise Level 


The methodology for selecting propellers to meet a required noise 
level is covered in Section 5.2.9. The standard noise constraint 
for the baseline aircraft in all categories is 75 PNdb at 500 ft. 

This is believed to be the lowest practical level which can be 
achieved in the 1985 time frame. To assess the penalties, if any, 
due to quiet operation, two higher levels were selected for evaluations 
85 PNab and 95-110 PNdb (propellers optimized without regard to noise). 

During the parametric analysis stage, the present technology base- 
line aircraft were analyzed with both 75 PNdb and '’noisy*' propellers. 
The results showed that the low noise level propeller in Category I 


resulted, in both lower initial and operating costs, (see Figure 7*5.3 ) 
because the lower engine power required, by virtue of higher thrust-to-. 
horsepower ratio, had a cost reducing effect enough to overcome the 
increased cost of the larger propeller required. 

The opposite effect was noted in Categories II and III. The advanced 
technology aircraft in Category I was therefore not analyzed for higher 
noise levels. 

\ 

Figures 8.5.5 . 8.5.6 and 8.5.7 compare the effect of increasing the noise 
level in Categories II, III and IV, respectively. Category II shows 5$ and 
19$ reductions of initial cost with noise levels of 85 and 107 PNdb, 
respectively, and respective operating cost reductions at 500 hrs/yr of 
2$ and 6.5$. The reduction of propeller diameter is significant only 
at the high noise level. The Category II aircraft, having STOL capability, 
would be operated, normally, in densely populated areas and therefore 
will req .ire a low noise level, with 75 PNdb recommended. 

Category III shows 27$ and 40$ reductions of initial cost with noise 
levels of 85 and 110 PNdb, respectively, and respective operating cost 
reductions at 500 hrs/yr of 10$ and 14 $. In this case, operation would 
take place at principal and satellite airports, where a higher noise 
level is tolerated. Although the FAA is recommending a maximum level 
of 95 PNdb for all aircraft, it is believed that Category III aircraft 
should be designed for a lower level, with 85 PNdb recommended. 

Category IV shows no cost difference at the 85 PNdb noise level, because 
the same rotor tip speed is maintained in cruise flight, and the power 
required for cruise sizes the helicopter. The higher tip speed in 
hovering produces the higher noise level. Going to 95 PNdb, the decrease 
of initial cost amounts to only 1$ and that of operating cost 


FIGURE 9.5.5 
CATEGORY II COMPARISON 
EFFECT OF EXTERNAL NOISE LEVEL 


(Advanced Technology; Single Engine Pusher; 

500 Mi. Range) 

4 Place; 500 

Ft. Field 

Length; 

External Noise Level 

(PNdb @ 500 ft.) 

75 

85 

107 

General Arrangement Fig. No. 


8.3.14 

N.A . 

N.A. 

Gross Weight 

(lbs) 

5556 

5278 

3115 

Weight Empty 

(lbs) 

1978 

1926 

1752 

Fuel Capacity 

(gal.) 

84 

85 

83 

Max.' Engine H.P. 


452 

447 

449 

Cruise Speed 

(kts) 

200 

200 

200 

Propeller Diameter 

(ft) 

11.16 

10.21 

7.42 

Propeller Thrust 

(lbs/hp) 

5.0 

5.0 

4.5 

Propeller RPM 


764 

1122 

2577 

Propeller Tip Speed 

(ft/sec) 

446 

600 

1000 

Wing Loading 

(lbs/sq.ft) 

14.52 

14.42 

15.57 

Initial Cost (1970 Basis) 

(•) 

45,034 

45,475 

56,227 

Operating Cost- 100 hrs/yr. 

- 300 hrs/yr. 

- 500 hrs/yr. 

($/mile) 

0.371 

0.221 

0.191 

0.565 

O.217 

0.188 

0.554 

0.207 

0.181 


FIGURE 8.5.6 
CATEGORY III COMPARISON 
EFFECT OF EXTERNAL NOISE LEVEL 

(Advanced Technology; 2 engine/propeller; 6 Place; 1500 Ft. Field Length; 1500 Mi. Range) 


External Noise Level 

(PNdb @ 500 ft) 

75 

65 

110 

General Arrangement Figure No. 

8.5.15 

N.A. 

N.A. 

Gross Weight 

(lbs) 

7,525 

6,766 

6,364 

Weight Empty 

(lbs) 

4,H9 

5,480 

5,098 

Fuel Capacity 

(gal) 

561 

541 

558 

Max. H.P. per Engine 


500 

475 

467 

Cruise Speed 

(kts) 

250 

250 

250 

Propeller Diameter 

(ft.) 

15.06 

11.00 

7.56 

Propeller Thrust 

(lbs/hp) 

5.0 

5.0 

4.5 

Propeller RPM 


578 

1040 

2569 

Propeller Tip Speed 

(ft/sec) 

455 

600 

1020 

Wing Loading 

(lbs/sq.ft. ) 

59.97 

41. 81 

38.04 

Initial Cost (1970 Basis) 

(•) 

172,517 

125,499 

102,884 

Operating Cost- 100 hrs/yr. 

($/mile) 

1.295 

1.157 

1.095 

- 500 hrs/yr. 


0.601 

0.544 

0.518 

- 500 hrs/yr. 


0.462 

0.421 

O.403 


2 >2 


I 


FIGURE 8.5.7 
CATEGORY IV COMPARISON 
EFFECT OF EXTERNAL NOISE LEVEL 

(Advanced Technology; Single Engine Helicopter; 4 - Place; 500 Mi. Range) 


Noise Level (PNdb at 500 ft.) 

75 

85 

95 

General Arrangement Fig. No. 


8.3.16 

* 

* 

Rotor Tip Speeds Hover/Cruise 

(ft/ sec) 

550/600 

600/600 

700/700 

Cruise Speed (5»000 ft. alt.) 

(kts) 

150 

150 

150 

Solidity Ratio 


0.100 

0.100 

.0545 

Rotor Diameter, Main 

(ft) 

37.8 

37.8 

37.8 

Disc Loading 

(lbs/sq.ft) 

3.40 

3.40 

3.40 

Gross Weight 

(lbs) 

3804 

3804 

3804 

Weight Empty 

(lbs) 

2259 

2259 

2248 

Max. Engine H.P. 


477 

477 

450 

Initial Cost, 1970 Basis 

(*) 

153,287 

153,287 

151,800 

Operating Cost- 100 hrs/yr. 

(i/mile ) 

2. 518 

2.518 

2.476 

- 300 hrs/yr. 


1.007 

I .007 

O .990 

- 500 hrs/yr. 


0.705 

O .705 

O .692 


* 


Fig. 8. 3* “16 is applicable. 


at 300 hrs/yr. is only 2$. As is the case for Category II, 
normal operation will take place in densely populated areas. 
Maintenance of a 75 PNdb noise level at 500 ft. imposes no par- 
ticular penalty and is recommended. 

Figure 8,5.8 presents a graphic plot of the effect of noise level 
on price. It is seen to have a slightly increasing trend' in Category 
I, because of more power required to produce the required propeller 
( thrust as tip speed is increased. Price dec eases with noise level 
in Category II to a mild extent, but is reduced drastically in 
Category III. As for Category IV, however, there is no appreciable 
effect on price between 75 and 95 PNdb. 

8.5.3 Effect of Engine Emission Abatement 

This subject is discussed in Section 5*2.6, where it is pointed out 
that all aircraft contribute less than 2 % to the total air pollution. 
Nevertheless, it is believed that the controls imposed on automobiles 
of the future will have equal application to aircraft. At the present 
time, it is not known what form the pollution control will take, 
hence an analysis of the effect on size and cost would be purely 
speculative. Close control of the fuel-air mixture is essential, and 
it has been assumed that engine technology in 19@5 will include 
electronically controlled fuel injection systems. As to other 
devices, if necessary, it can only be assumed that whatever is tech- 
nically feasible will be required by law, hence integral with the 
engine. The equipment included with the rotating combustion engine, 
plus the item called "miscellaneous propulsion equipment" are 
believed to have sufficient weight and cost allowances to include 
adequate emission controls. For these reasons, this subject was 
not separately evaluated. 
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8.6 Effect of Performance Variables 


8.6.1 Effect of Field Length Variation 

The effect of field length variation is based on takeoff distance over a 
50 ft. obstacle, using the procedure described in Section 5.1. As shown 
in Section 5.1 «4t landing distance is less critical. The calculated 
effects of takeoff distance in each category is based on use of the same 
flap system throughout. 

/a 

Figure 8.6.1 compares the Category I advanced technology aircraft when 
designed for field lengths of 1000, 1 500 and 2000 ft. The first one 
represents the basic requirement, the second is representative of most 
contemporary aircraft in this size category, while the third would be 
considered excessive. The 1500 ft. aircraft has an initial cost reduction 
of 8.5$ with only a 2.0$ further reduction by designing to 2000 ft. Operating 
cost follows a similar pattern. Since practically all airfields have a 
ground length of at least 1 500 ft . , the requirement for 1 000 ft • over the 
obstacle is considered to be too severe, and 1500 ft. is the recommended 
airfield length. 

Figure 8.6.2 presents a similar comparison for Category II, this time 
investigating distances of 1000 and 1500 ft. for comparison with the 500 
ft. baseline requirement. The 1000 ft. aircraft has an initial cost 
reduction of 26$, with only a 4 $ further reduction by designing to 1 500 ft. 
Operating cost again, behaves similarly. A 1.27 ft. reduction or propeller 
diameter is an added bonus for 1000 ft. operation and results in a more 
attractive appearance. Since the ground distance involved in a 1000 ft. 
takeoff operation is only 548 ft., this field length is believed to be 
adequate for areas of dense population and is recommended. 

Figure 8.6.3 shows the Category III airplane, with its field length 
increased to 2000 and 2500 ft. Again, the same effect on cost is noted, 
with initial cost decreasing by 7*5$ for 2000 ft and only 2.5$ more for 
2500 ft. Operating cost, an important consideration for this category, 
decreases by 3$ for 2000 ft. and 5$ for 2500 ft. For the type of operation 
visualized for this category of aircraft, a 2000 ft. field length is con- 
sidered adequate and economically justified. 



FIGURE 8.6.1 
CATEGORY I COMPARISON 
EFFECT OF FIELD LENGTH VARIATION 


(Advanced Technology; Single Engine 

Pusher; 4 Phase; 

500 Mi. 

Range; 75 

PNdb @ ! 

Design Takeoff* Dist. over 50 

ft. (ft) 

1000 

1500 

200C 

Ground Distance 

(ft) 

463 

695 

878 

General Arrangement Figure No. 


8.3.13 

N.A. 

N.A. 

Gross Weight 

(lbs) 

2285 

2208 

2184 

Weight Empty 

(lbs) 

1199 

1159 

1120 

Fuel Capacity 

(gal.) 

36 

33 

33 

Max.' Engine H.P. 


152 

141 

138 

Propeller Diameter 

(ft.) 

7.39 

7.13 

7.05 

Wing Loading 

(lbs/sq.ft. ) 

13.89 

18.60 . 

22.09 

Initial Cost (1970 Basis) 

(F) 

15,589 

14,513 

15,922 

Operating Cost- 100 hrs./yr. 

(S/mile) 

0.198 

0.186 

0.183 

- 300 hrs./yr. 


0.112 

0.105 

0.103 

- 500 hrs./yr. 


0.095 

0.089 

0.087 


* Critical for establishing field length 


FIGURE 8.6.2 
CATEGORY II COMPARISON 
EFFECT OF FIELD LENGTH VARIATION 


(Advanced Technology; Single Engine 

Pusher; 4-Place; 

500 Mi. 

Range; 75 

PNdb @ 5 

Design Takeoff* Dist. over 50 

ft. (ft.) 

500 

1000 

1500 

Ground Distance 

(ft) 

223 

548 

676 

General Arrangement Figure No. 


8.3.14 

N.A. 

N.A. 

Gross Weight 

(lbs) 

3556 

2934 

2870 

Weight Empty 

(lbs) 

1978 

1677 

1630 

Fuel Capacity 

(gal) 

84 

66 

63 

Max. Engine H.P. 


452 

355 

338 

Propeller Diameter 

(ft.) 

11.16 

9.89 

9.65 

Wing Loading 

(lbs/sq.ft) 

14.32 

26.84 

35.66 

Initial Cost (1970 Basis) 

(•) 

45,034 

35,481 

31,715 

Operating Cost- 100 hrs/yr. 

($/mile) 

0.371 

0.295 

0.283 

- 300 hrs/yr. 


0.221 

0.175 

0.167 

- 500 hrs/yr. 


0.191 

0.151 

0.144 


* Critical for establishing field length 


FIGURE 8.6.3 
CATEGORY III COMPARISON 
EFFECT OF FIELD LENGTH VARIATION 

(Advanced Technology; 2 engine/propeller; 6 Place; 1,500 Mile Range; 75 PNdb @ 500 Ft.) 


Design Takeoff* Dist. over 50 ft. 

(ft.) 

1500 

2000 

2500 

Ground Distance 

(ft.) 

962 

1279 

1515 

General Arrangement Figure No. 


8.3.15 

N. A. 

N.A. 

Gross Weight 

(lbs) 

7523 

7241 

7158 

Weight Empty 

(lbs) 

4119 

5957 

5875 

Fuel Capacity 

(gal) 

561 

544 

540 

Max. H.P. per Engine 


500 

476. 

468 

Propeller Diameter 

(ft) 

15.06 

14.70 

14.57 

Wing Loading 

(lbs/sq.ft) 

59.97 

48.30 

55.75 

Initial Cost (1970 Basis) 

(*) 

172,517 

159,402 

154,896 

Operating Cost- 100 hrs/year 

(♦/Mile) 

1.295 

1.247 

I.231 

- 300 hrs/year 


0.601 

0.577 

0.569 

- 500 hrs/year 


0.462 

0.445 

0.456 


* Critical for establishing field length 


Figure 8 . 6 . 5 . 1 presents a graphic plot of the effect of design field length 
on price. The Category I airplane is affected to a minor degree between 
1000 and 2000 ft., but that of Category II shows a sharp decrease in price 
between 500 and 1000 ft., as does the Category III airplane between 1500 and 
2000 ft. The Category IV helicopter has been added as a single point and 
connected to the minimum field length points of Categories I and II, by a 
dash-line curve. This curve illustrates, graphically, the cost of attaining 
a design field length less than 1000 ft. with a 4-place aircraft. 
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8.6.2 Effect of Cruise Speed Variation 


Figure 8.6.4 compares the effect of design cruise speed in Category 
I. It was previously analyzed for the present technology baseline air- 
craft, which resulted in a selection of 145 knots. Repetition of the 
analysis for the advanced technology aircraft shows the same trend, with 
operating cost at a minimum up to 145 knots. Despite the 7$ lower 
initial cost attained by reducing the speed to 150 knots, the operating 
cost of the 145 knot baseline design is lower for 100 hrs/year utiliza- 
tion, Since both the initial and operating costs of the 160 knot version 
are higher, the design speed of the baseline design appears to be justified 

Figure 8.6.5 . applicable to Category II, deals with design cruise speeds 
25 knots above and below the minimum required figure of 200 knots. The 
initial cost is reduced by 25$ and operating cost at 500 hrs/yr. by 12$ 
by designing to 175 knots. The effect of designing to 225 knots is to 
increase the initial cost by 45$ and the operating cost by 20$. The main 
function of a ST0L aircraft is to provide fast transportation between 
centers of population with a minimum of ground travel required. Therefore., 
200 knots appears to be a minimum desired speed, and anything higher is 
too penalizing. 

Figure 8.6.6 is applicable to Category III, where the specified minimum 
speed is 250 knots. Since any increase above this level would severely 
penalize a propeller-driven aircraft, the advanced technology aircraft 
was analyzed for two lower speeds. At 225 knots, the initial cost drops 
by 51$ and operating cost at 500 hrs/yr. by 9 $• At 200 knots, the per- 
centage reductions are 52$ and 14$ respectively. Although the initial 
cost advantages of designing to lower speeds are significant, business 
aircraft are usually assessed on the basis of operating cost, and high 
cruise speed is considered an asset. It is therefore concluded that the 
250 knot speed should be retained. 
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FIGURE 8.6.4 
CATEGORY I COMPARISON 
EFFECT OF CRUISE SPEED VARIATION 

(Advanced Technology; Single Engine Pusher; 4 Place; 1000 Ft. Field Length; 500 Mi. 

Range; 75 PNdb @ 500 Ft.) 


Cruise Speed (7,500 ft. alt.) 

(kts) 

130 

145 

160 

General Arrangement Figure No. 


N.A. 

8.5.15 

N.A. 

Gross Weight 

(lbs) 

2279 

2285 

2546 

Weight Empty 

(lbs) 

1208 

1199 

1241 

Fuel Capacity 

(gal) 

33 

36 

40 

Max.i Engine H.P. 


150 

152 

182 

Propeller Diameter 

(ft.) 

6.85 

7.39 

8.09 

Wing Loading 

(lbs/ eq . ft) 

9.74 

13.89 

18. 17 

Initial Cost (1970 Basis) 

(*) 

14,462 

15,589 

17,949 

Operating Cost- 100 hrs/yr. 

(J/tnile) 

0.205 

0.198 

0.204 

- 500 hrs/yr. 


0.112 

0.112 

0.117 

- 500 hvs/yr. 


0.094 

0.095 

0.100 


FIGURE 8.6.5 
CATEGORY II COMPARISON 
EFFECT OF CRUISE SPEED VARIATION 



(Advanced Technology; Single Engine Pusher; 4 Place; 500 

500 Mi. Range; 75 PNdb @ 500 Ft.) 

Ft. Field 

Length 

Cruise Speed (7,500 ft. alt.) 

(kts) 

175 

200 

lT\ 

CM 

CM 

General Arrangement Figure No, 

• 

N.A. 

8.5.14 

N.A. 

Gross Weight 

(lbs) 

3075 

3536 

3784 

Weight Empty 

(lbs) 

1792 

1978 

2304 

Fuel Capacity 

(gal.) 

10 

84 

105 

Max. Engine H.P. 


CM 

452 

616 

Propeller Diameter 

(ft) 

9.71 

11.16 

13.05 

Wing Loading 

(lbs/sq.ft) 

10.85 

14.32 

16.90 

Initial Cost (1970 Basis) 

( 1 ) 

33,842 

45,054 

65,018 

Operating Cost- 100 hrs/yr. 

($/mile) 

0.333 

0.571 

0.447 

- 500 hrs/yr. 


0.195 

0.221 

0.267 

- 500 hrs/yr. 


0.168 

O.191 

0.251 
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FIGURE 8.6.6 
CATEGORY III COMPARISON 
EFFECT OF CRUISE SPEED VARIATION 

(Advanced Technology; 2 engine/propeller; 6 Place; 1,500 Ft. Field Length; 

1,500 Mi. Range; 75 PNdb @ 500 Ft.) 


Cruise Speed (7,500 ft. alt^ ) 

(kts) 

200 

225 

250 

General Arrangement Figure No. 


N. A. 

N.A. - 

8 . 3 . 1 ' 

Gross Weight 

(lbs) 

5,774 

6,556 

7,523 

Weight Empty 

l 

(lbs) 

5,039 

5,502 

4,119 

Fuel Capacity 

(gal) 

245 

297 

561 

Max. H.P. per Engine 


281 

577 

500 

Propeller Diameter 

(ft) 

11.29 

15.07 

15-06 

Wing Loading 

(lbs/sq.ft) 

27.85 

54.57 

59.97 

Initial Cost (1970 Basis) 

(*) 

65,419 

118,319 

172,517 

Operating Cost- 100 hrs/yr. 

(S/mile) 

1.188 

1.210 

1.295 

- 500 hrs/yr. 


0.516 

0.556 

0.601 

- 500 hrs/yr. 


0.382 

0.415 

0.462 

FIGURE 8.6.7 
CATEGORY IV COMPARISON 
EFFECT OF DESIGN CRUISE SPEED 



(Advanced Technology; Single Engine Helicopter; 

75 PNdb @ 500 Ft. ) 

4- Place ; 

500 Mi. Range; 

Cruise Speed 

(kts) 

120 

155 

150 

General Arrangement Fig. No. 

Not Avail. Not Avail 

.8.3.16 

Rotor Tip Speed: Hover/cruise 

( ft/ sec ) 

550/600 

550/600 

550/600 

Solidity Ratio 


.0618 

.0850 

0.100 

Rotor Diameter, Main 

(ft.) 

55-6 

56.0 

57 . 8 

Disc Loading 

(lbs/sq. ft) 

5.40 

5.40 

5.40 

Gross Weight 

(lbs) 

2995 

5440 

5804 

Weight Empty 

(lbs) 

1768 

2032 

2259 

Max. Engine H.P. 


229 

551 

477 

Initial Cost (1970 Basis) 

(1) 

88,279 

119,485 

155,280 

Operating Cost- 100 hrs/yr. 

($/mile) 

1.851 

2.164 

2.518 

- 300 hrs/yr. 


0.705 

0.852 

1.007 

- 500 hrs/yr. 
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Figure 8.6 « 7 compares the advanced technology helicopter characteristics 
at two cruise speeds lower than the specified 150 knots, which is the 
maximum attainable speed under the 75 PNdb noise level constraint. Any 
higher speed, along with the low rotational speed necessary, would create 
stall of the retreating blade. The effect of lower cruise speeds on cost 
is significant. At 155 knots, initial cost and operating cost at 500 hrs/yr 
are reduced by 22 % and 16 °jo respectively. At 120 knots they are reduced, 
respectively, by 42$ and 50$» VTOL aircraft are generally used within 
metropolitan areas, rather than cross-country, so that the value of high 
cruise speed is questionalbe. A compromise speed reduction to 155 knots 
is recommended in this case, even though such aircraft might be used for 
longer trips. 

Figure 8.6. 7.1 illustrates, graphically, the effect of speed on price for 
aircraft in all categories. In Category I, the three design points 
evaluated have been joined to a fourth point at 200 knots. This point 
represents a Category II aircraft designed for 1000 ft. field length, 
making it directly comparable to the design points of Category I. The 
price of speed is seen to increase, percent age -wise, with size and reduced 
field length. Figure 8. 6. 7. 2 shows the same effect on operating cost, 
though to a lesser expense, since speed, in itself, has a mitigating effect 
on cost per mile. 
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FIGURE 8.6. 7.2 - EFFECT OF CRUISE SPEED ON OPERATING COST 
OPER. COST ($/MILE) 
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8.6.3 Effect of Cruise Range Variation 


Figures 8.6,8 . 8.6.9 . 8.6.10 and 8.6.11 assess the effect of range on 
the characteristics of the advanced technology aircraft in Categories 
I, II, III and IV. The effect on initial cost of increasing or decreas- 
ing the specified 500 mile range by 50$ in Categories I and II is relatively 
insignificant, being in the order of 5$. However, it is interesting to 
note that the operating cost is minimum at 500 miles. Thus, there is no 
good reason for changing it. 

Category III shows a more significant effect on cost when the 1500 mile 
range is varied by plus and minus 500 miles. Initial cost is reduced 
by 12$ and increased by 16$, while operating cost at 300 hrs/yr, is reduced 
by 4 .5$ and increased by 6.5$. Although the 2000 mile range is desirable 
for a business aircraft, the cost differential appears too high to justify 
it. Therefore, it is recommended that the 1500 mile range figure be retained. 

Category IV shows equally insignificant cost changes when the specified 
500 mile range is varied by 50$ in each direction. Initial cost is 
reduced by 12.5$ and increased by 17$» while operating cost at 300 hrs/yr. 
is reduced by 8$ and increased by 11$, As previously mentioned, VTOL 
aircraft are usually operated within metropolitan areas or on short hops 
between cities. For this and economic reasons it is believed that the 
250 mile range figure i3 justifiable, although the situation may change 
in the future. 

Figure 8.6.12 presents a graphic plot of the effect of design range on 
price. As is true of speed effect, increased range penalties increase, 
percentage-wise, with increased 3ize and reduced field length. 
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FIGURE 8.6.8 
CATEGORY I COMPARISON 
EFFECT OF CRUISE RANGE VARIATION 


(Advanced Technology; Single Engine Pusher; 4-Place; 1000 

Ft. Field 

Length; 

75 

PNdb @ 500 Ft. ) 




Cruise Range (incl. 45 min. Reserve )(stat. mi. ) 

250 

500 

750 

Cruise Speed (7*500 ft. alt.) 

(kts) 

145 

145 

145 

General Arrangement Figure No. 


N.A. 

8.3.15 

N.A. 

Gross Weight 

(lbs) 

2166 

2285 

2415 

Weight Empty 

(lbs) 

1162 

1199 

1240 

Fuel Capacity 

(gal) 

22 

56 

51 

Max. Engine H.P. 


147 

152 

157 

Propeller Diameter 

(ft) 

7.26 

7.59 

7.52 

Wing Loading 

(lbs/sq.ft. ) 

14.54 

15.89 

15.45 

Initial Cost (1970 Basis) 

(•) 

14,844 

15,589 

16,457 

Operating Cost- 100 hrs/yr. 

($/mile ) 

0.204 

0.198 

0.201 

- 300 hrs/yr. 


0.115 

0.112 

0.114 

- 500 hrs/yr. 


0.097 

0.095 

0.096 


FIGURE 8.6.9 
CATEGORY II COMPARISON 
EFFECT OF CRUISE RANGE VARIATION 

(Advanced Technology; Single Engine Pusher; 4 Place; 500 Ft. Field Length; 

75 PNdb @ 500 Ft. ) 


Cruise Range (incl. 45 min. Reserve 

)(stat. miles) 

250 

VJ1 

O 

O 

750 

Cruise Speed (7500 ft. alt.) 

(kts) 

200 

200 

200 

General Arrangement Figure Number 


N.A. 

8.3.14 

N.A. 

Gross Weight 

(lbs) 

5045 

5556 

5699 

Weight Empty 

(lbs) 

1871 

1978 

2117 

Fuel Capacity 

(gal. ) 

52 

84 

121 

Max. Engine H.P. 


427 

452 

484 

Propeller Diameter 

(ftj 

10.84 

11.16 

11.55 

Wing Loading 

(lbs/sq.ft) 

14.83 

14.52 

15.79 

Initial Cost (1970 Basis) 

(*) 

41,181 

45,034 

50,255 

Operating Cost- 100 hrs/yr. 

($/mile) 

0.377 

0.371 

0.390 

- 300 hrs/yr. 


0.225 

0.221 

0.231 

- 500 hrs/yr. 


0.194 

0.191 

0.200 
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FIGURE 8.6.10 
CATEGORY III COMPARISON 
EFFECT OF CRUISE RANGE VARIATION 

(Advanced Technology; 2 engine/propeller; 6 Place; 1,500 Ft. Field Length; 

75 PNdb @ 500 Ft.) 


Cruise Range (incl. 45 min. Reserve) (stat. mi. ) 

1000 

1500 

2000 

Cruise Speed (7,500 ft. alt.) 

(kts) 

250 

250 

250 

General Arrangement Figure No. 


N.A. 

8.3.15 

N.A. 

Gross Weight 

(lbs) 

6533 

7523 

8683 

Weight Empty 

(lbs) 

3812 

4119 

4500 

Fuel Capacity 

(gal.) 

243 

561 

497 

Max. H.P. per engine 


467 

500 

540 

Propeller Diameter 

(ft.) 

14.55 

15.06 

1 5» 66 

Wing Loading 

(lbs/sq.ft. ) 

1 42.46 

39.97 

37.69 

Initial Cost (1970 Basis) 

( 1 ) 

151,440 

172,517 

200,305 

Operating Cost- 100 hrs/yr. 

- 300 hrs/yr. 

- 500 hrs/yr. 

($/mile) 

1.244 

0.575 

0.441 

1.293 

0.601 

0.462 

1.373 

O.640 

0.493 

FIGURE 8.6.11 
CATEGORY IV COMPARISON 
EFFECT OF VARIABLE CRUISE RANG^ 



(Advanced Technology; Single Engine Helicopter; 

4 Place; 

75 PNdb @ 500 Ft 

Cruise Range (45 min. Reserve) (stat. mi. ) 

250 

500 

750 

General Arrangement Figure No. 


N.A. 

8.3.16 

N.A. 

Cruise Speed (5000 ft. alt.) 

(kts) 

150 

150 

150 

Solidity Ratio 


0.100 

0.100 

0.100 

Rotor Tip Speed: Hover/Cruise 

(ft/sec) 

5 50/600 

550/600 

550/600 

Rotor Diameter 

(ft) 

34.9 

37.8 

41.3 

Gross Weight 

(lbs) 

3245 

3804 

4537 

Weight Empty 

(lbs) 

2009 

2259 

2596 

Disc Loading 

(lbs/sq.ft) 

3.40 

3.40 

3.40 

Max. Engine H.P. 


429 

477 

543 

Initial Cost (1970 Basis) 

(!) 

134,087 

153,287 

179,691 

Operating Cost- 100 hrs/yr. 

- 300 hrs/yr. 

- 500 hrs/yr. 

($/mile) 

2.320 

0.928 

0.650 

2. 518 
1.007 
0.705 

2.800 

1.120 

0.785 







8.7 Effect of Growth Factors 

8 . 7.1 Effect of Increased Seating Capacity 

Figures 8 . 7 . 1 . 8 . 7 * 2 . 8 . 7.5 and 8 . 7.4 compare the advanced technology 
baseline aircraft with growth versions having a 50$ increase in seating 
capacity. Category I growth from 4 to 6 seats increases the initial cost 
by 51$ and the operating cost per mile at 300 hrs/yr. by 32$, while reducing 
the seat-mile cost by 10 $. Category II growth from 4 to 6 seats has 
respective increases of 44$ and 27$, accompanied by a 14.5/0 reduction 
in seat -mile costs. Category III growth involves an increase of from 6 
to 9 seats, which increases the initial cost by 26$ and the operating 
cost at 300 hrs/yr. by 12$, while reducing the seat-mile cost by 25$. 
Category IV involves a 4 to 6 seat growth, with a 33 $ increased initial 
cost, a 20$ increased operating cost at 300 hrs/yr. and a 20$ reduced 
seat -mile cost • 

No conclusions can be drawn with regard to Categories I, II and IV, 
since there is presently a demand for both sizes, though a considerably 
smaller market for the larger size. Category III defines, primarily, a 
business aircraft, where seat-mile costs become a consideration. But, 
here again, the desired size is established by market demand. 

The seating growth versions are illustrated in Figure 8 . 7.5 for Category 
I j Figure 8 . 7.6 for Category II; Figure 8 . 7.7 for Category III? and Figure 
8 . 7.8 for Category IV. In the first three categories, the extra seats 
are provided by increasing the fuselage length, while the helicopter in 
Category IV, which is less tolerant to center-of -gravity range, utilizes 
3 -abreast seating with increased width. 

Figure 8 . 7.9 shows the number of seats plotted graphically against price 
and seat-mile cost for all four categories. With respect to the latter 
criterion, Category I aircraft provide the most economical transportation, 
followed by those of II, III and IV, in that order. 



300 


• , -v ..if • • ■ ' . 


FIGURE 8.7.1 
CATEGORY I COMPARISON 
EFFECT OF INCREASED SEATING CAPACITY 

(Advanced Technology; Single Engine Pusher; 1000 Ft. Field Length; 500 Mi. Range 

75 PNdb @ 500 Ft . ) 


No. of Seats 


4 

6 



General Arrangement Figure No. 


8.3.15 

8 . 7.2 



Gross Weight 

(lbs) 

2285 

3163' 



Weight Empty 

(lbs) 

1199 

1581 



Fuel, Capacity 

(«al) 

56 

46 



Max. Engine H.P. 


152 

193 



Cruise Speed 

(kts) 

145 

145 



Propeller Diameter 

(ft.) 

7.59 

8.33 



Wing Loading 

(lbs/sq.ft. ) 

15.89 

11.88 

Cost Per 

Seat Mile 

Initial Cost 

(*) 

15,589 

23,605 

4 

6 

Operating Cost - 100 hrs/yr 

($/mile) 

0.198 

0.268 

0.050 

0.045 

- 300 hrs/yr 


0.113 

0.148 

0.028 

0.025 

- 500 hrs/yr 


0.095 

0.124 

0.024 

0.021 

FIGURE 8.7.2 
CATEGORY II COMPARISON 
EFFECT OF INCREASED SEATING CAPACITY 




(Advanced Technology; Single Engine Pusher; 500 

75 PNdb @ 500 Ft.) 

Ft. Field Length; 

500 Mi. Range; 

No. of Seats 


4 

6 



General Arrangement Figure No. 


8.3.14 

8.7.4 



Gross Weight 

(lbs) 

3556 

4409 



Weight Empty 

(lbs) 

1978 

2498 



Fuel Capacity 

(gal) 

84 

103 



Max. Engine H.P. 


452 

554 



Cruise Speed 

(kts) 

200 

200 



Propeller Diameter 

(ft) 

11.16 

12.36 

Cost Per 

Seat Mile 

Wing Loading 

(lbs/sq.ft) 

14.52 

13.14 

4 

6 

Initial Cost (1970 Basis) 

($) 

45,034 

64,806 



Operating Cost - 100 hrs/yr 

( $/raile ) 

0.371 

0.481 

0.093 

0.080 

- 300 hrs/yr 


0.221 

0.281 

0.055 

0.047 

- 500 hrs/yr 


0.191 

0.241 

0.048 

0.040 
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FIGURE 8.7.3 
CATEGORY III COMPARISON 
EFFECT OF INCREASED SEATING CAPACITY 

(Advanced Technology; 2-engine/propeller; 1,500 ft. Field Length; 1,500 Mi. Range; 

75 PNdb @ 500 Ft. ) 


Number of Seats 


6 

9 



General Arrangement Figure No. 


8.3.15 

8.7.6 



Gross Weight 

(lbs) 

7523 

9082 



Weight Empty 

(lbs) 

4119 

4773 



Fuel Capacity 

(gal) 

361 

405 



Max. H.P. per Engine 


500 

560 



\ 

Cruise Speed 

(kts) 

250 

250 



Propeller Diameter 

(ft) 

15.06 

15.94 



Wing Loading 

(lbs/sq.ft) 

39.97 

37.41 

Cost per 

Seat M: 

Initial Cost (1970 Basis) 

($) 

172,517 

220,535 

6 

9 

Operating Cost - 100 hrs/year 

($/mile) 

1.293 

1.448 

0.215 

0.161 

- 500 hrs/year 


0.601 

0.675 

0.100 

0.075 

- 500 hrs/year 


0.462 

0.520 

0.077 

0,058 


FIGURE 8.7.4 
CATEGORY IV COMPARISON 
EFFECT OF INCREASED SEATING CAPACITY 

(Advanced Technology; Single Engine Helicopter; 500 Mi. Range; 75 PNdb @ 500 Ft, ) 


Number of Seats 


4 

6 



General Arrangement Figure No. 


8.3.16 

8.7.8 



Rotor Tip Speed: Hover/Cruise 

(ft/sec) 

550/600 

550/600 



Cruise Speed (5000 ft. alt. ) 

(kts) 

150 

150 



Solidity Ratio 


0.100 

0.100 



Rotor Diameter, Main 

(ft) 

37.8 

43.6 



Disc Loading 

(lbs/sq.ft) 

3.40 

3.4o 



Gross Weight 

(lbs) 

3804 

5055 



Weight Empty 

(lbs) 

2259 

2913 



Max. Engine H.P. 


477 

589 

Cost per 

Seat Mile 

Initial Cost (1970 Basis) 

W 

153,287 

204,592 

4 

6 

Operating Cost - 100 hrs/yr 

($/mile) 

2.518 

3.030 

0.629 

0.505 

- 300 hrs/yr 


1.007 

1.211 

0.252 

0.202 

- 500 hrs/yr 


0.705 

0.849 

0.176 

0.1 41 


























8.7*2 Effect of Yearly Production Rate 


Figure 8.7.10 shows the effect of increased yearly production rate on 
initial and operating costs in the four categories of advanced technology 
aircraft. The first column deals with the nominal costs, based on rates 
similar to those of contemporary aircraft. Thereafter, rates of 1000, 

10,000 and 100,000 aircraft per year are priced, using the rationale developed 
in Section 7.3. The points are plotted on a log-log scale in Figure 8.7.11 . 
These data will be discussed in Section 10, in an effort to assess the 

l 

impact of advanced technology on the market potential of future general 
aviation aircraft. 


FIGURE 8.7*10 

EFFECT OF YEARLY PRODUCTION RATE 
(Advanced Technology Versions) 


CATEGORY I (Single Engine Pusher) 


No. of A/C per year 

600 * 

1,000 

10,000 

100,000 

Initial Cost (1970 Basis) ($) 

15,589 

14,346 

10,602 

8,386 

Operating Cost - 100 hrs/yr. ($/mile) 

0.198 

0.191 

0.170 

0.157 

- 300 hrs/yr. 

0.112 

0.110 

0.102 

0.098 

- 500 hrs/yr , 

0.095 

0.093 

0.089 

0.086 

CATEGORY II (Single Engine Pusher) 

No. of A/C per year 

300 

1,000 

10,000 

100,000 

Initial Cost (1970 Basis) ($) 

’+5,034 

59,188 

55,060 

27,581 

Operating Cost - 100 hrs/yr. ($/mile) 

0.371 

0.348 

0.525 

0.304 

- 300 hrs/yr. 

0.221 

0.213 

0.206 

0.198 

- 500 hrs/yr. 

0.191 

0.186 

0.182 

0.177 

CATEGORY III (Twin Engine/Propeller) 

No. of A/C per year 

200 

1,000 

10,000 

100,000 

Initial Cost (1970 Basis) ($) 

172,517 

145,754 

124,289 

109,011 

Operating Cost - 100 hrs/yr. ($/mile) 

1.293 

1.225 

1.171 

1.155 

- 300 hrs/yr. 

0.601 

0.578 

0.560 

0.547 

- 500 hrs/yr. 

0.462 

0.449 

0.438 

0.430 

CATEGORY IV (Single Engine Helicopter) 

No. of A/C per Year 

130 

1,000 

10,000 

100,000 

Initial Cost (1970 Basis) ($) 

155,287 

122,966 

94,961 

76,418 

Operating Cost - 100 hrs/yr. ($/mile) 

2.518 

2.315 

2.130 

2.000 

- 300 hrs/yr. 

1.007 

0.926 

0.853 

0.801 

- 500 hrs/yr. 

0.705 

0.648 

0.596 

0.560 


* Quantities for baseline configurations. 
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8.8 Summary 


Figure 8.8.1 shows the graphic effect of advancing technology and lower noise 
level on price. All of the aircraft represented exclude avionics. The low 
solid curve is taken from Figure 7*3*1 and represents a statistical average 
of 1970 aircraft in the categories defined on the right. The abscissa is the 
product of empty weight and maximum cruise speed, which accounts jointly for 
the effects of weight and complexity. 

The long-dashed curve represents the 1970 (present technology) "quiet" air- 
planes derived as the baseline configurations in Section 7*0 of this study. 

They are more expensive, increasingly with larger size and improved performance. 
The short-dashed curve represents the 1985 "quiet" airplanes derived as the 
advanced technology baseline airplanes in Section 8,3«4« This curve lies about 
midway between the other two and shows that low noise level aircraft can be 
obtained with but a modest increase in cost. 

The high solid curve represents 1970 turbine helicopters. The two triangular 
symbols below this curve represent present technology (upper) and advanced 
technology (lower) helicopters designed for low noise levels. The reason fcr 
the present technology low noise level designs lying below the 1970 average 
curve is mainly because they are powered by rotating combustion engines instead 
of higher priced turbines. 

Fig; 'e 8.8.2 shows a similar graph, confined to the advanced technology air- 
craft 01 uiis study, to show the effect of added provisions. The advanced 
technology baseline airplanes in Categories I, II and III are joined by the 
dashed curve. All curves, except that marked "Advanced Avionics and Auto- 
matic Flight Control," exclude avionics. High altitude cruise capability 
with a pressurized cabin results in lower price airplanes, particularly as 
size and speed are increased. 

The addition of extra safety provisions causes the small, low speed 
airplanes to be more expensive, but the curves become more coincident as 
size and speed are increased. The provisions of advanced avionics and 
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FIGURE 8.8.2 EFFECT OF ADDED PROVISIONS ON 
PRICE VS WEIGHT-SPEED PRODUCT 
(ADVANCED TECHNOLOGY AIRCRAFT) 
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automatic flight control (AFC) exact sizable penalties for small, slow 
aircraft. These penalties decrease with size and speed. 

The advanced technology helicopter was assessed only for extra safety and 
advanced avionics. The former can be obtained without apparent penalty, 
but the latter is penalizing to an appreciable extent. 

The effects brought out in the sensitivity analyses will become instrumental 
in choosing recommended configurations in the next section of this report. 

The general attempt to be made will be to provide the highest degrees of 
performance, utility and safety at reasonable cost, so that a maximum impact 
can be made on the potential usage of general aviation aircraft in the 1980' s. 


9.0 RECONFIGURATION OF BASELINE DESIGNS 


9* 1 General 

The sensitivity analyses reported in Section 8.0 established optimum 
advanced technology baseline aircraft in each category by applying ad- 
vanced propulsion and material utilization techniques to the present 
technology baseline aircraft developed in Sections 6.0 and 7*0. 
Subsequently, the impact of advanced avionics and automatic flight 

l 

control, extra structural and system safety, high altitude operation, 
variable noise level, increased seating capacity and variable perform- 
ance, which included field length, speed and range, were assessed.' 

From the results of the sensitivity analyses, tentative recommendations 
ure made. The object of this portion of the study is to combine these 
recommendations and to reconfigure the advanced technology baseline air- 
croft into designs which are believed to provide the maximum stimulus to 
general aviation of the future. The term "stimulus" relates to increased 
production and marketing, hence greater use by the public. This effect 
will hopefully tend to alleviate the over-all transportation problem in 
this country by diverting a substantial proportion of the total passenger- 
miles from airline and surface modes to unscheduled general aviation. 
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9.2 Category I Recommendations 


Figure 9*1 presents a comparison between the baseline advanced technology 
configuration and three alternates, designated A, B, and C. 

Alternate A adds advanced avionics and extra system safety features, without 
departing from conventional design practice, in trade for a 500 ft. longer 
field length, for which a rationale was stated in Section 8.6.1. High 
altitude cruise capability, with pressurization, is not included because 
of its effect on wing area. The combined effect is to increase the gross 
weight by 200 lbs. (or 8.75 °/o) and the initial cost by $10,911. or 7 C$>» 

A lternate B offers additional speed performance, convenience and utility 
in exchange for 500 ft. of field length and 100 miles of range. The cruise 
speed is increased by 10 knots, or 7$» wing folding is provided for home 
storage and roadable towing; and all-terrain capability is provided by 
the use of an air cushion landing gear. Initial cost is about the same 
and operating cost is 6/0 lower. Alternate 0 adds advanced avionics and 
system safety features to the B configuration. 

Alternates B and C are believed to offer the prospective buyer the most 
for his money and should provide the needed stimulus toward increased 
utilization in a category which includes about $ 0 ?o of the total number of 
general aviation aircraft in use. The owner will be able to travel to 
terminal points close to his objectives, with less reliance on ground travel, 
by using waterways and open fields, rather than prepared airstrips. He 
will not be confined to operate from one particular airfield, but with 
home storage, towabiiity and all-terrain capability, he will have widely 
diversified options. Although the extra structural safety provisions are 
not included, adherence to FAA regulations will provide the same degree of 
assurance possessed by the buyers of today's aircraft, most of whom take 
this quality for granted. As for the avionics equipment and extra system 
safety provisions, the operator can pay more to get more, as he does when 
buying a car. Compared with contemporaiy aircraft, the reduced noise level 
will remove his neighbor's objection to close-in operation, and his own 
comfort will be enhanced by the lower external noise plus the rearward 
location of the engine and propeller, as well as by improved all-around 
visibility. 

Figure 9.2 shows a general arrangement drawing of the Alternate B aircraft. 
Its relatively small wing is the result of the increased field length and 
cruising speed. The engine rating is about the same as that of the basic 
aircraft since it tends to increase with speed and decrease with field 
length. The wing is placed in the "high" position and is foldable backward 
in the horizontal plane. Its small size eliminates the need to overlap 
the folded wings, as is the case in Figure 8.3.I9. When spread, the wings 
are latched to the fuselage at the leading edge and, when folded, they are 


FIGURE 9.1 

CATEGORY I COMPARISON 


BASIC VS. RECOMMENDED ADVANCED TECHNOLOGY CONFIGURATIONS 
(Single Engine Pusher; 4 Place; 75 PNdb % 500 ft., 7,500 ft. Cruise Alt.) 


CONFIGURATION COMBINATION 



BASIC 

A 

B . 

C 

General Arrangement Figure No. 



8 . 5.15 

N.A. 

9.2 

** 

Design Takeoff Dist.* ** Over 50 Ft. 

(ft) 

1000 

1500 

1500 

1500 

Ground Distance 


(ft) 

465 

695 

695 

695 

Type of Retractable Landing Gear 

Tricycle 

Tricycle 

Air Cushion 

Air Cushion 

Wing Folding Provisions 



No 

No 

Yes 

Yes 

Towing Provisions 



No 

No 

Yes 

Yes 

Cruise Speed 


(kts) 

145 

145 

155 

155 

Range (45 min. reserve) 

(stat. mi) 

500 

500 

400 

400 

Avionics System 



None 

Advanced 

None 

Advanced 

Structural Safety Provisions 



Basic 

Basic 

Basic 

Basic 

System Safety Provisions 



Basic 

Extra 

Basic 

Extra 

Gross Weight 


(lbs) 

? »285 

2,485 

2,200 

2,400 

Weight Empty 


(lbs) 

1,199 

1,387 

1,209 

1,397 

Fuel Capacity 


(gal) 

36 

38 

29 

31 

Max. Engine H.P. 



152 

160 

158 

172 

Propeller Diameter 


(ft) 

7.39 

7.60 

7.54 

7.60 

Wing Loading 

(lbs/sq ft) 

13.89 

13.24 

21.62 

21.50 

Initial Cost (1970 Basis) 


(*) 

15,589 

26,500 

15,497 

26,408 

- 100 hrs/yr 



0.198 

0.383 

0.186 

0.381 

Operating Cost - 300 hrs/yr 



0.112 

0.176 

0.105 

0.175 

- 500 hrs/yr 



0.095 

0.133 

0.089 

0.132 


* Critical for establishing field length 

** Same overall dimensions as 8 . 3.13 
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latched to the horizontal tail. Folding is a manual operation, but power 
folding would exact very small weight and cost penalties. Prior to folding 
the wings, the 4“blade propeller is positioned at 45° to clear the wing 
trailing edges. Towing provision can be incorporated by installing a 
streamlined trailer hitch (not shown) at the nose of the aircraft. 

The empennage is supported by twin booms supported by sponson structures 
projecting from the bottom of the fuselage. The locally increased width 
provides a mounting base for the main air cushion trunk, rearward of the 
cent er-of -gravity. The main and auxiliary trunks are constructed of 
plasticized fabric material and are circular in planform. They follow 
the design principle shown in Figure 5»5»5 and are retractable into the 
floor structure. Their total confined area provides a flotation pressure 
of 100 lbs. per iq. ft. or 0.7 psi, which will "float” the aircraft at a 
mean height of aoout 2 inches above the ground. As previously mentioned, 
the trunks will mold themselves to clear irregular terrain or ground obsta- 
cles. While the trunks are equipped with peripheral hole patterns for 
continuous flow while "hovering," interior air-tight bladders may be deployed 
for power-off flotation on water. Power for activating the cushion, as 
well as for cooling the engine, is obtained from a centrifugal, engine- 
driven blower. This unit sucks air tnrough the radiator, compresses it 
to about 2 psig and exhausts it through a diverter valve, which directs 
compressed air into the trunks upon demand. The power loss to activate 
the cushion system is negligible, and there is a net benefit to takeoff 
performance by eliminating ground friction. This effect was not accounted for 
in the takeoff calculation, which implies that the 693 ft. ground run is 
somewhat conservative. 

An auxiliary retractable, tricycle taxi gear is provided for power-off, 
ground handling purposes, including towing. It is stressed only for 1.5g 
and is not used in takeoff and landing operations. The combined weight 
of the wheel and air cushion gears is estimated to be less than that of a 
conventional wheel type landing gear. 

The resulting compact, high performance, low noise level and terrain-tolerant 
aircraft can be produced for sale at an attractive price, based on the average 
production rate of contemporary aircraft. However, its novel features could 
easily create the demand for higher production rates, with diminishing costs 
as shown in Figure 8.7.11. 

Figure 9.3 presents a bar chart comparison between the recommended and 
the present and advanced technology baseline configurations. Except for 
the sacrifice in extended field length, the recommended design (Alternate 
B) shows to considerable advantage over the present technology configuration 
and is slightly better, performance-wise, than the advanced technology 
baseline. When its extra utility is considered, the recommended design 
appears to merit the research and development required for realization. 



ALL-TERRAIN CAP, 


YES 


FIGURE 9.3 COMPARISON BETWEEN RECOMMENDED AND 
BASELINE CONFIGURATIONS, CATEGORY I 


WING FOLD 


(1000 FT.) 


FIELD LENGTH 


(KNOTS) 


PRICE 


OPERATING COST CRUISE SPEED 
300 HRSAR 


WEIGHT 


POWER 


— 25 '($1000) 


15 (c/MILE) 


12.5 


B - 1970 BASELINE 
A - 1985 BASELINE 
R - RECOMMEND. 


200 (H.P.) 


NOISE LEVEL 
75 PNdb AT 
500 FT. (ALL) 


(1000 LBS) 1 
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9 . 3 Category II Recommendations 


The additions made to the advanced technology baseline aircraft in this 
category include high cruise altitude capability with cabin pressurization, 
advanced avionics and automatic flight control system, and the extra system 
safety provisions. These features are obtained in trade for an additional 
500 ft. of field length. The resulting effects on size, weight and cost 
are shown in Figure 9*4 . 


The gross weight is decreased by 8 $ and the rated engine power is reduced 
by 32$. The initial cost is only #5,054 or 11.2$ higher. Operating cost 
at 300 hours/year is reduced by 12$, with the possibility that the airplane 
will ( be used more frequently because of IFR capability, tolerance to adverse 
weather and extra safety provisions. Figure 9»5 shows the general arrange- 
ment of this aircraft, which is similar to, and smaller than, the basic 
model. 

To assess the merit of this configuration, it is necessary to coi sider 
its use. This aircraft is a high performance (200 knot cruise), 3T0L type 
v/ith a low external noise level. It should attract the small business 
owner who has frequent travel between city centers and wishes to make 
use of close-in airfields to minimize ground transportation. Since he 
wants to maintain schedule reliability, he requires IFR and all-weather 
capability. For cruise comfort, he will want cabin pressurization. 

In going from 5 00 to 1000 ft. field length, a ground distance of only 212 
ft. has been added, and it is fairly certain that the airplane will be 
able to utilize all existing "STOL strips." The low noise level will 
remove current objections to close-in operation. One final consideration 
is price, and the 4j>50>000 price tag is not considered excessive when the 
type of operator is considered. While an aircraft of this kind may not 
attract a high volume market, a demand for 1000 to 3000 per year may be 
reasonable in 1985* 

Figure 9.6 shows a bar chart comparison between the recommended design and 
the baseline configurations representing 1970 and 1985 state-of-the-art. 
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FIGURE 9-4 

CATEGORY II COMPARISON 

BASIC VS. RECOMMENDED ADVANCED TECHNOLOGY CONFIGURATIONS 
(Single Engine Pusher; 4 Place; 500 Mi. Range; 75 PNdb @ 500 Ft.) 


General Arrangement Figure No. 


8.5.14 

9.5 

Design Takeoff Dist.* over 50 Ft. 

(ft) 

500 

1000 

Ground Distance 

(ft) 

225 

435 

Cruise Speed 

(kts) 

200 

200 

Cruise Altitude 

(ft.) 

7,500 

20,000 

Cabin Pressurization 


No 

Yes 

Avionics and Automatic Flight Control System 

None 

Advanced 

Structural Safety Provisions 


Basic 

Basic 

System Safety Provisions 


Basic 

Extra 

Gross Weight 

(lbs) 

3556 

3065 

Weight Empty 

(lbs) 

1978 

1855 

Fuel Capacity 

' (gal. ) 

84 

57 

Max. Engine H.P. 


452 

275 

Propeller Diameter 

(ft) 

11.16 

8.90 

Wing Loading 

(lbs/sq.ft. ) 

14.32 

17.68 

Initial Cost (1970 Basis) 

(*) 

45,054 

50,088 

100 hrs/yr 


0.571 

0.533 

Operating Cost - 500 hrs/yr 

($/mile) 

0.221 

0.194 

500 hrs/yr 


0.191 

O.I 56 


* Critical for establishing field length 


522 
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GROSS WEIGHT 
WING AREA 
MAX. ENGINE H.P 
PROPELLER DIAM. 
WING ASPECT RATIO 
WING TAPER RATIO 
WING SWEEP 0.25C. 


30 *>S LBS. 
174 SQ.FT. 

275 

8-90 ft. 
8.00 
0.50 
0 ° 






FIGURE 9.6 COMPARISON BETWEEN RECOMMENDED AND 
BASELINE CONFIGURATIONS, CATEGORY II 
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300 hrsar 










9.4 Category III Recommendations 


The Category III airplane is configured for the corporate owner market, in 
the medium- to- large business bracket. His requirements call for long range 
operation at high cruising speeds, use of medium length airstrips, a com- 
fortable interior — but, above all, a high degree of schedule reliability, 
with maximum independence of weather. 

The advance technology baseline aircraft in this category is illustrated 
in Figure 8 . 3.15* From an appearance standpoint, its main objection is 
the .large diameter propellers, required to meet the 75 PNdb noise level 
constraint. 

The baseline propeller-driven aircraft was provided with high altitude 
cruise capability with cabin pressurization; advanced avionics and automatic 
flight control system, and the extra structural and system safety packages. 
These items were traded for an 85 PNdb noise level and a 500 ft. increase 
in field length to a not unreasonable 2000 ft. The results are tabulated 
in Figure 9»7 and. the reconfigured general arrangement is shown in Figure 
9»Q . Figure 9.9 shows a bar chart comparison with the present and advanced 
technology baseline designs. 

In comparison to the baseline aircraft, the propellers have been reduced 
to a reasonable size, and cross-shafting is no longer required. Gross 
weight has been reduced by 2-5 $ and rated engine power by 22$. Despite 
the incremental effect of advanced avionics and automatic flight control, 
initial cost suffers only a 13 * 5 $ increase to a figure just below $200,000. 
Using previous rationale on the effect of greater schedule reliability on 
utilization, to increase that figure by 67 $, the operating cost comparison 
shows a reduction of 30 $* In summary, it is believed that the additional 
features, without unreasonable pricing, plus the low operating cost, will 
provide the necessary market stimulus to this category of aircraft. 


FIGURE 9.7 

CATEGORY III COMPARISON 

BASIC VS. RECOMMENDED ADVANCED TECHNOLOGY CONFIGURATIONS 
(2 engine/propeller; 6 Place; 1,500 Mile Range) 


General Arrangement Figure No. 


8.3.15 

9.7 

Exterior Noise Level (PNdb @ 500 ft) 

75 

85 

Design Takeoff Dist. over 50 Ft. 

(ft.) 

1500 

2000 

Ground Distance 

(ft) 

962 

1196 

Crui,se Speed 

(kts) 

250 

250 

Cruise Altitude 

(ft) 

7,500 

20,000 

Cabin Pressurization 


No 

Yes 

Avionics and Automatic Flight Control System 

Basic 

Advanced 

Structural Safety Provisions 


Basic 

Extra 

System Safety Provisions 


Basic 

Extra 

Gross Weight 

(lbs) 

7523 

7328 

Weight Empty 

(lbs) 

4119 

3898 

Fuel Capacity 

(gal) 

561 

292 

Max. H.P. per Engine 


500 

390 

Propeller Diameter 

(ft) 

15.06 

9.98 

Wing Loading 

(lbs/sq.ft. ) 

39.97 

38.51 

Initial Cost (1970 Basis) 

(1) 

172,517 

195,969 

- 100 hrs/yr 


1.293 

1.299 

Operating Cost - 300 hrs/yr 

(•/foils) 

0.601 

0.567 

- 500 hrs/yr 

* Critical for establishing field 

length 

0.462 

O .421 

326 
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^328 LBS. 

WING AREA 

!90SaFT. 

MAX. ENGINE HP 

390 

PROPELLER DIAM 

9.90 FT. 

WING ASPECT RATIO 

8.0 

WING TAPER RATIO 

0.50 

WING SWEEP. 0.25 C. 

0° 







FIGURE 9.9 COMPARISON BETWEEN RECOMMENDED AND 
BASELINE CONFIGURATIONS, CATEGORY III 
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A - 1985 BASELINE 
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There remains only the reconsideration of the turbofan powered aircraft as 
a candidate. This configuration, as shown in Figure 8 . 3 . 3*2 ♦ would be 
admissible if the noise level constraint is increased to 85 PNdb. The 
general arrangement, shown in Figure 8. 3«3»1 »provides a 20$ increase in 
cruise speed but with a 65 $ increased initial cost over that of the baseline 
aircraft. Operating cost, however, to which the market is believed to be 
more sensitive, shows a slight reduction. In comparison to the recommended 
propeller aircraft, it lacks the advanced avionics and extra safety pro- 
visits, costs 5 .5$ more to buy and 26$ more to operate. The turbofan 

candidate was not analyzed for the extra features, in trade for a 2000 ft. 
field length, but the resulting configuration is estimated to be considerably 
more expensive than the propeller-driven candidate. The former offers 
higher cruising speed and a more modern appearance and might attract a 
sizable segment of the market, despite higher cost. 

One possible compromise, not evaluated in this study, is the use of twin 
"prop-fans" driven by rotating combustion engines. The prop-fan concept 
has been suggested by Hamilton Standard in their MSA-contracted propeller 
technology study for general aviation aircraft and is simply defined as a 
multi-bladed, controllable pitch, shrouded propeller of comparatively small 
diameter. Any future study should include this possibility. 


9. 5 Category IV Recommendations 


The public, as well as the aviation industry and associated government agehcies, 
have been led to believe that advanced technology will someday admit VTOL 
operation without serious compromise of speed, range and cost. The investi- 
gators of this study feel that such a situation is not predictable for the 
1985 time period without a break-through in the areas of propulsion and 
aerodynamics. 

The helicopter configuration, selected for Category IV, is designed primarily 
for the business owner whose principal transportation problem is rapid 
transit within a metropolitan area or between closely spaced areas of 
dense population. He would like to dispense with ground travel altogether, 
making use of "helipads" on roof tops, in city parks and other convenient 
locations. To become fully accepted by the public, the aircraft must have 
a low external noise level. To be fully useful to the operator, it must 
have all-weather capability and extra safety provisions - the latter being 
due to flight in a forest of obstacles. The operator should be willing 
to accept a slightly lower cruise speed and a shorter range in trade for 
the additioml provisions, since these characteristics will not seriously 
impe<?'> his operations. 

A comparison between the advanced technology baseline and recommended 
configurations is tabulated in Figure 9.10 . The latter includes advanced 
avionics and automatic flight control; extra structural and system safety 
provisions. It is designed for a 15 knot reduction in cruise speed, which 
amounts to 10^, and a 50^ reduction in range to 230 miles. This results 
is practically the same rotor diameter with 1 5$ less solidity. Gross weight 
and rated power are virtually unchanged. The recommended configuration 
has the same appearance as that of the baseline design, hence Figure 8. 3. 16 
is applicable to its general arrangement. 

Initial cost is yjtfo higher, slightly exceeding $200,000. With 67$ higher 
utilization, due to its all-weather capability and enhanced safety, the 
operating cost is 12.5 $ lower. The market potential for a VTOL aircraft 
.is limited principally by high initial cost and, to some degree, by low 
cruising speed. Despite the perennial enthusiasm for VTOL, the investigators 
see no prospect of a cost break-through in the foreseeable future. Never- 
theless, a comparatively small market will continue to exist and is pre- 
dicted to enjoy normal growth through the years. The appearance of two 
or three place helicopters and autogyros, with price tags of $20,000 to 
$25,000, will possibly generate a larger market. However, they will not 
reach the level of utility and schedule availability as can the helicopter 
design of this study. Thus, the future of VTOL aircraft for general aviation 
remains largely unpredictable. It would be conservative, however, to 
predict a normal, evolutionary growth. 

Figure 9.11 shows a bar chart comparison between the recommended design and the 
present and advanced technology baseline configurations. Despite the high cost 
level, in comparison to that of fixed wing aircraft, considerable reduction can 
be made over today's prices, with the inclusion of added utilization potential. 
Research and development support of the helicopter appears to be warranted, 
although to a lesser degree than that accorded to other categories of aircraft. 


FIGURE 940 
CATEGORY IV COMPARISON 

BASIC VS. RECOMMENDED ADVANCED TECHNOLOGY CONFIGURATIONS 
(Single Engine Helicopter; 4 Place; 75 PNdb @ 500 Ft.) 


General Arrangement Figure No. 


8.3.16 

* 

Avionics and Automatic Flight Control System 

Basic 

Advanced 

Structural Safety Provisions 


Basic 

Extra 

System Safety Provisions 


Basic 

Extra 

Cruise Speed (5000 ft. alt.) 

(kts) 

150 

155 

Cruise Range (45 min. Reserve) 

(stat.mi. ) 

500 

250 

Solidity Ratio 


0.100 

0.085 

Rotor Tip Speed i Hover/Cruise 

(ft/sec) 

550/600 

550/600 

Rotor Diameter 

(ft) 

57.8 

57.9 

Gross Weight 

(lbs) 

5804 

5830 

Weight Empty 

(lbs) 

2259 

2349 

Disc Loading 

(lbs/sq.ft) 

5.40 

5.40 

Max. Engine H.F. 


477 

480 

Initial Cost (1970 Basis) 

(•) 

155,287 

207,895 

- 100 hrs/yr 


2.58 

5.56 

Operating Cost - 500 hrs/yr 

($/mile) 

1.01 

1.51 

- 500 hrs/yr 


0.69 

0.881 
* Same as 

8 . 3 .I 6 
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10.0 


PROJECTION OP 1985 GENERAL AVIATION USE POTENTIAL 


10.1 Relation of Price to Production Quantities 


Figure 10.1 presents a composite graph of cost per pound versus annual produc- 
tion rate showing, on the one hand, actual cost versus delivery rate of general 
aviation aircraft and automobiles in 1 967 and, on the other hand, cost per pound 
of the Category I aircraft of this study, obtained from Figure 8.7.11* Aircraft 
costs exclude avionics. 

The 1967 general aviation aircraft relate to Category I of this study. The 
dashed curve represents the Category I aircraft with costs adjusted to reflect 
1967 dollars for direct comparison. Extension of the Category I curve to 100,000 
units per year enters the quantitative realm of automobile production. It is 
disappointing to note that aircraft cost per pound exceeds that of automobiles 
by a factor of approximately 6. The reasons for this situation include higher 
cost materials and parts fabrication pr~\.v and inability of aircraft manu- 
facturers to achieve production line as. techniques approaching those of 

the automotive industry. The higher deg. 1 quality control required and the 
stringency of FAA inspection are contribv factors. It is possible, however, 
that production techniques can be develop "; -vith composites which will reduce 
the cost per pound below the levels estimated in this study. 

Cost per pound is not an indicator, per se, of the market potential of aircraft, 
and the unit cost comparison is a better criterion. At the 100,000 per year 
production level, the price of an advanced technology airplane in Category I is 
priced at about $8,400 and is comparable to a car retailing for about $3,000 
which results in a factor of 2.8 instead of If the cost per pound can be 

reduced to $5, the unit cost will drop to about $6000, and the factor of increase 
will be only 2.0. However, a yearly quantity of 100,000 by 1985 represents 
about one-third of the entire general aviation fleet forecast for 1985 and 
hence is highly optimistic. 

Figure 10.2 shows the actual number of new general aviation aircraft deliveries 
per year from 1945 through 1970 with a projection to 1 985, based on fleet size 
estimates and an average attrition rate of 4.5$ per year. By 1985, the annual 
delivery rate might reach 60,000, despite the fall-off between 1968 and 1970* 

Figure 10.3 , using data obtained from Reference 10.1, shows a breakdown of the 
general aviation aircraft sold in 1969 into price groups, represented as frac- 
tions of the total. Superimposed in the outer circle are the boundaries repre- 
sented by the price ranges in Categories I, II and III. The data were obtained 
from Ref. 10.1, selecting 1 969 as the last year for which such data were pub- 
lished (1970 is probably not representative, due to the adverse economic situation). 
Approximately 500 small helicopters were sold in 1969, comprising about 4 $ 
of the total of general -aviation aircraft. It can be assumed that the increasing 
demand for VT0L capability will give these aircraft at least a 5$ share by 1985* 

Categories I, II, III and IV combine to represent 45$ of the total general 
aviation aircraft market by numbers of aircraft. Category I represents 30$, 
while Categories II, III and IV represent 5$ each. Applying these percentages 
to the 60,000 total number of aircraft predicted for 1985, the following numbers 
in each category can be projected: 
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FIGURE 10.1 - COST PER POUND VARIATION WITH ANNUAL PRODUCTION 
VOLUME FOR AIRCRAFT AND AUTOS 


REFERENCES: AUTOMOTIVE INDUSTRIES 1967 

■ BUSINESS AND COMMERCIAL AVIATION APRIL 67 
FLIGHT MAY 1967 






Category 


Projected 1985 Deliveries 

I 18,000 

II, III, & IV 3.000 (each) 


Assuming that one manufacturer delivers one-third of the total number in each 
category, his yearly production rate and corresponding price tag according 
to Figure 8.7.11 is as follows: 


Category Annual Production Rate Price 


I 6,000 $11,000 

II 1,000 39,000 

'III 1,000 146,000 

IV 1,000 122,000 


The projected yearly delivery rate for 1985 , as shown in Figure 10.2, repre- 
sents a potential figure which can be attained by growth of the population 
and the GNP and unconstrained by adverse factors . 


10 . 2 Factors Affecting the Growth of General Aviation 


Reference 10.7 cites the Speas Report (Reference 10.6) and a subsequent report 
by Sanborn Aviation Associates on the same subject. The former report fore- 
casted uncons trained potential, while the latter pointed up the danger of 
possible roadblocks in the years ahead. These include declining airplane 
utility, insufficient emphasis on education, and airport saturation. The 
Sanborn report states that the potential market can never exist until the 
general aviation community combines its resources to "make the market" - 
creating new markets for tomorrow, rather than counting yesterday's receipts. 

It goes on to say that there are no limits to the growth of general aviation, 
except those which are self-imposed, since ample buying power exists in both 
the business and personal airplane markets. 

Addressing the subject of utility, this characteristic affects the market for 
all general aviation aircraft. The privately owned aircraft market, repre- 
sented by Category I, is particularly affected in this respect. Fig ure 10 .4, 
obtained from Ref. 10.2, shows the utilization of general aviation aircraft 
in terms of hours per year flown by percentage of licensed pilots. The 
majority of hours flown per pilot lies in the 50 to 150 hours per year bracket, 
and the average figure for all pilots is 131 hours per year. This figure 
can be translated, at average speeds, to about 15,000 miles per year, which 
is equal to the mileage accumulated by the automobile driver. However, the 
hourly utilization of aircraft has a much higher potential because of the 
difference in average speed. For instance, the use of aircraft for commuting 
over longer distances would result in greatly increased hourly utilization. 
This requires a high degree of reliability and capability for all-weather 
operation, as well, as safety and economy. High utilization demands a higher 
degree of convenience, with closer location of the airfield to the user. 


Noise and high values of real estate tend to keep airfields at remote locations, 
but the availability of quiet aircraft with home storage and all-terrain capabil- 
ity appears to be a possible solution. In addition to business and commuting, 
the use of general aviation for pleasure accounts for at least half of the total 
hours flown. Future increase of leisure time might make private aircraft approach 
pleasure boats in popularity, provided that the obstacles of price, operating 
economy and convenience can be overcome. 

Business flying accounts for the majority of general aviation flying hours, 
exceeding the combined total of all the U. S. airlines and represents nearly 
75^ of the dollar volume of the general aviation aircraft market. It embraces 
the small business organizations operating single engine aircraft, characteristic 
of Categories I and II, the medium size companies operating small twins, 
exemplified by Category III and the large corporations which operate professionally 
flown, multi-engine propeller and jet aircraft. So far, the last named segment 
of tne market seems to have received the highest emphasis, leaving the market 
for the smaller business aircraft with the greatest potential. According to 
Ref. 10.7 (quoting the Sanborn Report) the growth in business flying during 
the I960' s was the only major aviation activity which expanded at a sloxrer rate 
than that of the GNP. The primary resistance factors were cited as lack of 
utility and education, as well as the impact of scheduled jet service by the 
airlines. Out of the potential number of business organizations, only one 
company out of 14 is now operating business aircraft. The obstacles to high 
utilization are uncer ain schedule reliability and high operating cost. The 
results of this stur 1 ,, show that the aircraft recommended in Categories II, IV 
and particularly III, can be equipped to operate in adverse weather conditions, 
provide an extra degree of safety and comfort, and use close-in airfields 
without creating an undesirably high noise level - all at reasonable cost by 

the use of advanced technology available in the ensuing years. 

% 

The matter of education includes the attraction of new pilots in growing 
numbers. The Sanborn Report states that 1.4 million new pilot starts will be 
needed in the 1970 *s just to offset the attrition losses and that 2.1 million 
will be required through 1980 to meet the Speas forecast (Ref. 10.6). Another 
facet of education is that of teaching the potential business manager how he 
can use aircraft reliably and economically, with a "positive, profit-oriented 
basis for justification," according to Ref. 10.7. One example of how this can 
be accomplished is Reference 10. 3 , which shows, in terms of time- value, that 
general aviation can become the dominant economic mode for the short haul 
transportation of multiple business travelers, particularly under the impact 
of advanced technology. 

Safety is yet another facet of education. The extra features added to the 
recommended aircraft configurations of this study do not add to performance 
and do increase the cost of ownership. Additional safety features in auto- 
mobiles, including seat belts, shoulder straps, padded dashboards and collaps- 
ible steering columns, had to be legislated because the average driver takes 
safety for granted. A sizable portion of potential aircraft owners, however, 
are deterred by the fear of accidents and this situation can only be counter- 
acted by education. 

Even with the provisions of increased utility and education, the potential 
growth of general aviation can be hamstrung in the future by airport 
saturation. The Sanborn Report claims that, of the 10,690 U. S. airports 
on record, barely 7»000 are open to the public; only 2,474 have paved runways. 
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The report states that a minimum of 2,570 new airports are rec ired before 
the industry can begin to realize its growth potential and that the attending 
cost will be about $2.8 billion. However, lower cost airstrips or "air parks” 
can be created in greater numbers, closer to the domiciles of the users, - 
provided that low noise level aircraft can be developed, with high flotation 
landing gear to avoid the necessity of paving, and with home storage provisions 
to avoid hangaring and unsheltered parking. These facilities can be made 
attractive, grass fields with neat "service stations," so that visual pollution 
as well as noise and air pollution can be minimized. By using the Air Cushion 
Landing System, lakes, bays and other waterways can be used. Most of these 
facilities can be created, by private business or by aviation-oriented 
residential communities, some of which now exist. Nevertheless, government 
financial aid is essential in this respect. 

Another deterrent to the growth of general aviation is the impact of future 
Federal Air Regulations (FAR's). Stricter Air Traffic Control (ATC) is already 
emerging and, unfortunately , in complicated forms when applied to metropolitan 
areas. Although A TC is an ever-increasing problem, its solution must take a 
more simplified course, otherwise existing and potential pilots will lose thei': 
initiative. Stricter pilot licensing requirements will have a similar effect. 
It will be far more advantageous to the growth of general aviation for the 
go /eminent to stick to the present FAR's and for the industry to improve their 
products in such ways that stricter FAR's will not become necessary. Although 
careless flying, like careless driving, can never be wholly eliminated, much 
can be done by the designer to minimize the incidence of "pilot error." 


10.5 Summary 


The potential growth of general aviation, as forecast by the Speas Report, 
can be realized or exceeded by the year 1985 only by implementing the following 
requirements : 

0 Increased utility 
0 Increased safety 
0 Increased dependability 
0 Reasonable prices 
0 Economical operation 
0 Effective educational programs 
0 Increased airfield facilities 
0 Uncomplicated operational procedures 

The Federal Government can cooperate in this endeavor by taking the following 
actions : 

0 Provide technological assistance by funding effective research and 
development programs. 

0 Cooperate with state and local governments in the financial support 
of new airfield construction. 

0 Establish a system of air traffic control with which the average 
general aviation pilot can cope. 
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0 Exercise restraint in the establishment and administration of 
Federal Air Regulations. 

The rest is up to the industry, which must rouse itself from complacency and 
increase its tempo in product improvement , striving all the while to give the 
customer better utility, safety and reliability for his dollar. Without close 
cooperation between industry and government, the growth of general aviation 
will not accelerate and may even slow down in the years to come. If general 
aviation should grow to its full potential, it will become a major contributor 
toward solving the nationwide transportation problem. 
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11.0 CONCLUSIONS 


The conclusions of this study are divided into two categories: specific 

(directly related) and general. The former deals with the specific cate- 
gories of aircraft studied under the constraints imposed by the NASA* and 
the latter covers the subject matter which leads into the recommendations 
for follow-on activity. 


11.1 Specific Conclusions 


t 

11.1.1 Category I Aircraft 

This category is directed toward ownership by individuals or small businesses; 
in any event* by those in the medium income bracket* which accentuates 
the necessity for low price. Of equal importance, however, is the necessity 
for a high degree of utility. The inclusion of advanced avionics, to the 
extent of prodivind VFR capability with accurate navigation provisions and 
the further inclusion of extra system safety features can be obtained for 
a price increment of about 70$, which can be optional. 

The recommended configuration of Section 9»2 includes the extra utility 
features of wing folding for home storage* towability along the road and 
an air cushion landing system for all-terrain operation. A 20$ reduction 
in range is traded for an additional 10 knots of cruise speed. 

No compromise with the 75 PNdb noise ] at 500 ft. is recommended, but 
vhe design field length can be increased to 1500 ft.* consistent with 
contemporary aircraft in the same category. 

The pusher propeller configuration appears to exact no penalties in weight 
and cost and should result in good visibility and a quiet interior. As 
in the case of the other three categories, the rotating combustion engine 
is the optimum power plant. 

This airplane can be priced under the average of today's aircraft of similar 
size and performance, with an operating cost approaching ten cents per 
mile at a JOO hr/yr utilization rate, which is comparable to that of an 
automobile when depreciation is included. 


11.1.2 Category II Aircraft 

The 500 ft. field length constraint, along with the 75 PNdb noise level, 
are directed toward operation in and out of close-in metropolitan airfields. 
Since this is basically a 4-place aircraft, the price should be held within 
reasonable limits, even though the speed range of minimum to maximum has 
been raised. Since the 500 ft. field length requirement results in an 
abnormally large, high powered and expensive airplane, it should be compromised 


and 1000 ft. is recommended on the belief of its compatibility with the 
intended type of operation. No compromises with the 200 knot cruise speed 
and the 75 PNdb noise level are advisable. 

Since this aircraft, by virtue of its performance and price levels, is 
directed primarily toward business ownership, and since it will be operated 
in areas of dense air traffic and ground obstacles, the installation of 
advanced avionics with IFR capability and automatic flight control devices 
is recommended. For the same reasons, the extra system safety provisions, 
the use of turbocharged engines and the provision of cabin pressurization 
appear worthwhile. This aircraft is estimated to cost $50»000» its high 
degree of utility should result in a rate of utilization approaching 500 
hours per year with an operating cost approaching 20 cents per mile. It 
is believed that the recommended combination would appeal to an appreciable 
number of potential operators. 

As in the case of Category I, the pusher propeller concept, using a rotating 
combustion engine, is recommended for the same reasons. The autogyro 
approach was investigated as a potential candidate but found to be consider- 
ably more costly. 

11.1*3 Category HI Aircraft 

This category is directed toward the small to medium business owner, whose 
use is primarily for trips between widely spaced population centers. 

Although the aircraft would be flown, primarily, from satellite, rather 
than major, airports, short field performance is not a necessity, and should 
defer to the attainment of high cruising speed, schedule availability, 
comfort and safety. 

For the above reasons, the inclusion of high altitude operation with cabin 
pressurization; advanced avionics with automatic flight control and equi- 
valent airline capability; and extra safety provisions (both structural 
and system types) are recommended. In order to maintain reasonable levels 
of initial and operating cost, it is recommended that some of the imposed 
constraints be compromised. 

The noise level can be increased to 85 PNdb and still be comfortably below 
that of similar aircraft operating from satellite airports. This would 
have the effect of reducing the propeller size from an abnormally large 
diameter to a more conventional size. The field length can be increased 
from 1500 to 2000 ft. and still be well within the limits of appropriate 
airports. 

The recommended configuration is the high wing type, with twin engines and 
tractor propellers. However, with the admission of the 85 PNdb noise level, 
a turbofan-powered aircraft becomes a candidate. It would have, at least, 
a 50 knot increase in cruise speed, but offset by a 65 $ increased price. 
These two factors tend to offset each other and equalize the operating 
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cost. A single turbofan is recommended in lieu of a twin engine installa- 
tion, in the interest of minimizing the price. It is also justified 
by the higher reliability level of the turbofan, in comparison to engine- 
propeller combinations. There is believed to be a market for both types 
of aircraft in this category, although a study in greater depth might narrow 
the choice to one. 

11.1.4 Category IV Aircraft 

The VTOL market has been definitely established and is presently represented 
solely by the helicopter. Since the technology relating to fixed wing 
VTOL concepts has been developing rapidly over the last 20 years, a comparison 
was made between the helicopter and a tilt wing - propeller configuration. 
Although both types are very expensive by non-VTOL standards, the helicopter 
still appears to be the best bet. Although the tilt wing prot~des a 10($ 
increase in cruise speed, it is over JCf/o more expensive to buy and operate. 

The necessity fo:? high cruise speed and long range in this category is 
questionable, since it is directed toward operation over short distances, 
primarily within metropolitan areas, if this remains the principal mission 
in 1985. Of greater necessity is the need for advanced avionics and auto- 
matic flight control aids, as well as extra structural and system safety 
rovisions. Again, no compromise with the 75 PNdb noise level constraint 
-.3 recommended. 

It is concluded that a cruise speed of 135 knots and a cruise range of 250 
miles be established in favor of incorporating the advanced avionics, auto- 
matic flight control and extra safety provisions. Th se trades result in a 
price slightly in excess of #200, 000, and an anticipated high utilization 
rate would permit operation at 88 cents per mile. Thus, the price of achieving 
useful VTOL capability will continue to be high, causing these craft to be 
restricted to special applications. 

It would appear that a broader look at the VTOl/STOL segment of general 
aviation would be in order. It is possible that an autogyro could be designed 
for a lower level of cruise performance than that specified for Category II, 
which would fulfill the requirements of both Categories II and IV. 

It would conceivably 

be operated at a reduced weight when near-vertical takeoff and landing is 
required and loaded to a heavier gross weight for STOL operation. Such an 
investigation should be made in a depth which is beyond the scope of this 
study. 
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11.2 


General Conclusions 


The potential is at hand to expand the activities of general aviation so that 
it will become a major element in the U. S. transportation system by 1985. 

The impact of advanced technology, aided by government-sponsored research and 
development, can result in quieter, safer and more useful aircraft at signifi- 
cantly lower cost, in terms of the present dollar value. Greater public accept- 
ance, however, will depend on parallel influences. These include compliance 
with pollution standards, increased pilot training, unbiased educational programs, 
increased airfield facilities and sensible federal regulations. The close 
coordination of all these activities would give definite assurance to the growth 

of general aviation. 

* 

11.2.1 Impact of Advanced Technology 

The main purpose of this study is to assess tha impact of advanced technology. 

As used in this context, the term should be preceded by the word "emerging." 

While the 1985 time period is being addressed for the assessment of effect, 
the necessary research and development to make full use of the applicable tech- 
nology, at that time, must be accomplished in the intervening period. Emerging 
technology applicable to general aviation aircraft has the following aspects; 

(a) Aerodynamic Desi gn, including high lift devices, airfoil development, 
low drag configuration and accent on improved stability and control 
without benefit of augmentation. A large amount of research has been 
accomplished by NASA in the past, some of which has been directed par- 
ticularly toward general aviation application. References 11.1, 11.2 

and 11.5 summarize this information. Additional research related to suit- 
able airfoil sections, simple and effective high lift devices, handling 
qualities and guidelines for low drag design should be pursued. 

(b) Propulsion Systems , embracing both the prime mover and the propulsor. 

The most promising type of power plant for general aviation use appears 
to be the rotating combustion engine, which combines the potential of 
light weight, low fuel consumption with low initial and maintenance costs. 

As for propulsors, the propeller is the most efficient for all application? 
except high speed business aircraft and the only known device capable of 
maintaining the desired noise level of 75 PNdb at 500 ft. While the turbr- 
fan is a strong competitor in the business aircraft category, a detailed 
comparison should be made with the multi-bladed, shrouded, shaft-driven 
propeller, currently termed a "prop-fan." 

(c) Avionics Systems , which include the functions of communication, identifi- 
cation, navigation, collision warning and automatic control from takeoff 
to landing. They primarily serve the purpose of attaining higher utiliza- 
tion of the aircraft with increased tolerance to adverse weather, however, 
at the present and in the foreseeable future, systems which combine to 
contribute the greatest benefit to the user are attainable only at very 
high prices and require considerable improvement in reliability and 
maintainability. They have a definite place in the business aircraft 
category, which is dependent on high utilization rate and maximum schedule 
availability for increased usage in the future. 


(d) Structural Design * including the use of advanced materials and processes 
to achieve lighter weight structures at lower cost. This is contrary to 
the present trend with conventional materials and processes. The emer- 
gence of composites, with high strength-to-weight ratios, offers the best 
chance of achieving the desired results. Presently, the materials are 
too costly for general aviation use, and not enough knowledge of optimum 
processing techniques has been accumulated. This area, therefore, is in 
acute need of research and development support. 

(e) Safety Provisions , which embrace the structural and systems areas. The 
former area includes tolerance to higher load factors, higher rates of 
sink and crash landings. Use of composite materials can bring about these 
desires without severe compromises in weight, performance and cost. The 
systems area includes tolerance to adverse weather, reduction of the 
incidence of fire and the ability to make consistently safe landings. 

These are, again, opposed by the cost barrier and require development 
toward simplification. Another facet of safety is the study of human 
factors toward the reduction of design-induced pilot errors. 

(f) Utility and Convenience Features , which include home storage, limited 
roadability and all-terrain (including amphibious) capability. The pro- 
visions of wing folding and towability on the road have been sparsely 
applied in the past and do not represent advanced technology applications - 
only design ingenuity. All-terrain capability is another matter and has 
been achieved in the past only with serious compromises of cost and per- 
formance. However, the advent of the air cushion landing system gives 
promise of providing the desired capability with little, if any, compromise 
and is in need of further research and development aid. 

(g) VTOL and STQL Technology , covering both rotary and fixed wing approahces. 

While the results of this study indicate the superiority of the helicopter 
as the best VTOL candidate and the fixed wing (over the autogyro) as the 
best STOL candidate, analyses in greater depth might reverse these con- 
clusions. In any event, these aircraft must be capable of quiet operation, 
since they are intended for use in densely populated areas. Further conceptual 
studies are needed in this area, with emphasis on cost reduction as a major 
objective. It must be remembered, however, that metropolitan operation 
involves closely regulated traffic, requiring a high degree of pilot 
training, as well as the best possible avionics equipment. This, in 

itself, will restrict the potential numbers of such aircraft and probably 
hold the line on high prices for some time to come. 

11.2.2 Impact of Environmental Factors 

Great emphasis is currently being placed on reducing the extent to which the 
air is being polluted by noise and noxious gas emission. Aircraft are primary 
offenders in the first case and minor ones in the second case. While the 
military and transport aircraft contribute the most of both types, the general 
aviation community must face up to the same problems. The results of this 
study have shown that the noise problem is capable of solution in the low to 
medium speed categories of aircraft, which use propellers. Some progress is 
being made by the engine manufacturers in reducing the noise level of turbofans 
and should be supported by continued research. As for gas emission, the auto- 
motive industry is becoming increasingly regulated and is sponsoring its own 
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research and development. Similar regulation will, no doubt be applied to 
the aviation industry, and government -supported H&D effort will be needed. 

11.2.3 Impact of Educational Programs 

The primary item, in this line, is pilot training, which must be accelerated, 
along with the application of advanced technology to aircraft, if the antici- 
pated growth of general aviation is to be realized. Government support in 
this area can take the form of subsidies and the greater use of general aviation 
for the performance of government functions, creating more job opportunities. 
Other programs can deal with the increasing utility of general aviation air- 
craft, particularly by business organizations. To be credible, these must 
emanate from independent sources, rather than the industry. The same type 
of program can serve to educate the public on the safety and environmental 
aspects.' The last two types of educational programs should be timed to follow 
the development of appropriate technology applications, so that the element of 
wishful thinking can be eliminated. 

11.2.4 Impact of Available Facilities 

The growth of general aviation can be stunted by the limited availability of 
airfields and service facilities, if for no other reasons. Government aid to 
small and large communities is needed to establish a larger number of small 
airfields available to general aviation activity. Convenient locations will 
do much toward relieving congested traffic conditions at major airports, beside 
encouraging more individuals and business organizations to use general aviation. 
Much in the way of encouragement can be given to this program if low noise 
standards, acceptable to the communities, can be set. For the smaller aircraft, 
a level comparable to that of an expressway can be attained economically and 
would do much to encourage the growth of small airfields. 

11.2.5 Impact of Federal Regulations 

General aviation activity is becoming increasingly sensitive to the application 
of Federal Air Regulations. While those dealing with the safety aspects of the 
aircraft have not been changed significantly in recent years, regulations 
dealing with air traffic have become increasingly severe, primarily because 
of airline activity. Some of the regulations governing traffic patterns are 
not easily comprehended by the average pilot and have a dampening effect on 
general aviation activities. On the other side of the coin, some of the regu- 
lations dealing with the handling qualities of the aircraft should be stiffened, 
in light of present technology, to require that the industry provide better 
and safer flight characteristics. These include such things as stick force 
and lateral - directional stability. Stalling should take place without induced 
roll or violent pitch and spins should become difficult to enter and self- 
recoverable, hands off. The day is long past when the image of the aviator was 
that of a daredevil. 
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1 2 .0 RECOMMENDATIONS 


As a result of this study, key problem areas are Identified in which additional 
research could enhance the safety, utility, and economy of general aviation 
aircraft and thus make it a more widely accepted form of transportation. 

Although the emphasis of this study is on technical factors, it is evident 
that in order to understand, and accordingly respond to, consumer demands much 
more detailed study is required in various related areas. Those areas, while 
not necessarily the responsibility of NASA, are presented here, as it is strongly 
believed that government support should be applied. These recommendations 
are categorized as Technology Areas and Related Areas. 

12.1 Technology Areas 

(a) The structural design study of a representative airplane, using composite 
materials and appropriate production processes, to verify or refute the 
assumptions made in this study with respect to weight and cost factors. 

(b) A detailed study, utilizing advanced technology of a rotating combustion 
engine installation driving a low noise level propeller. This study 
would also include an investigation of emission control devices. Future 
development, test and certification procedures might follow. 

(c) A detailed study, followed by wind tunnel tests, of applying improved 
handling qualities to a representative advanced technology general aviation 
aircraft. Such a program might also include flight simulation. (This 
area of research would follow the recent work by NASA and Princeton 
University and be directed toward future possibilities.) 

(d) A detailed study of extra safety provisions applied to a representative 
airplane, which include both structural and systems applications. 

(e) A design study of the application of automatic flight control to advanced 
technology aircraft, applying current and emerging state-of-the-art in 
the fields of avionics and automatic flight control. 

(f) A design study of an application of the air cushion landing system to a 
representative airplane. As a later phase, an actual installation could 
be made and flight tested. 

(g) A study of Category II (STOL) and Category IV (VTOL) aircraft in greater 
depth, comparing logical candidates. This might include the evolution 

of a compromise design, such as an autogyro, which would serve both purposes 

(h) A study of the "prop-fan" versus the turbofan engine in a high performance 
business aircraft, with emphasis on attaining reasonably low noise levels. 
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12.2 Related Areas 


(a) Facilities Development - Conduct a study of existing general aviation 
airfields and service facilities and plan an orderly expansion program, 
investigating all constraints (such as noise, real estate values, air 
pollution and others) . Governmental support budgets for such a program 
would be determined. 

(b) Federal Air Regulations - Conduct a survey of present FAR’s as related 

to emerging technology, future traffic conditions, proliferation of small 
airfields, environmental effects and other considerations. Make recom- 
mendations for changes which might promote the growth of general aviation 
without compromising safety aspects; also those which would tend to increase 
safety without inhibiting growth. 

I 

(c) Licensed Pilot Availability - Conduct a forecast study of the number of 
licensed pilots expected to be available between 1970 and 1985* considering 
the impact of influential factors such as cessation of hostilities in 
Southeast Asia, increasing attractiveness of aircraft ownership, employment 
opportunities due to the growth of business aviation, possible new uses 

of aircraft and other considerations. Relate the numbers to available 
pilots to the anticipated numbers of aircraft, categorizing pilot-owners, 
pilot renters and employed pilots. In the event that the pilot forecast 
appears to be a constraint on the potential numbers of aircraft forecast 
for the future, recommend an increased training program and the extent 
of government funding support required. 

(d) General Aviation Forecast - Following the completion of the study phases 
recommended in Sections 12.1 and 12.2, conduct an over -all study of general 
aviation through 1 9©5 n assessing the impact of all influential factors. 

This should result in realistic estimates of the yearly fleet size, new 
aircraft deliveries and functional categories of ownership (recreation, 
business, agricultural, taxi, etc.). By dividing the potential owners 
into income groups, forecast the numbers of aircraft in size and perform- 
ance categories. Account for the influences brought to light in the related 
studies, plus those of population increase and dispersal, growth of the 
GNP, increase of leisure time, reduction in the fear of accidents and other 
factors. The report, when completed, should be given the widest possible 
circulation in an attempt to stimulate the growth of general aviation. 
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
MOFFETT FIELD, CALIFORNIA 

SPECIFICATION 

FOR 

"TECHNOLOGY ASSESSMENT OF ADVANCED GENERAL AVIATION AIRCRAFT" 
Specification A-15983 November 13* 1969 

1 . ' STATEMENT OF WORK 

1 .1 INTRODUCTION 

Studies of possible 1985 short-haul transportation, by NASA’s 
Mission Analysis Division, have shown that general aviation has 
the potential of performing an increasingly important role in the 
national transportation system. In order to realize this potential 
fully, the cost, performance, and operational characteristics of 
this class of aircraft must be improved. The NASA, through in-house 
and contractual studies, is attempting to identify critical technology 
areas where additional research may increase the safety, utility, and 
economy of general aviation. 

The Mission Analysis Division has sponsored studies aimed at 
identifying potential advances in light aircraft structures, piston 
engine propulsion, and avionics for general aviation aircraft. These 
studies mainly considered approaches for improving the economics and 
safety of this class of aircraft without any consideration of advanced 
aircraft configurations. The intent of the present study is to assess 
the impact of advanced technology applicable to general aviation air- 
craft for the 1985 time period. 

The conceptual design emphasis should be placed on examining con- 
figurations that take advantage of new philosophies in design, 
manufacturing, and operational practices. However, the designs 
must be supported by a realistic projection of technology and 
economics, substantiated by sound engineering analysis. This study 
will provide a baseline for the broad parametric type of studies 
being performed by the Mission Analysis Division. 

1.2 OBJECTIVES 


The objectives of this study are: (a) to assess the technology 

applicable to general aviation aircraft in the 1985 time period and 
evaluate the areas offering the most potential for improvements in 




safety, economy, and operational capabilities; (b) by means of 
conceptual designs, provide data, tradeoffs, assessments, etc., 
for the purposes of future mission analysis; (c) to identify key 
technology requirements where additional research may increase the 
safety, utility, and economy of general aviation aircraft. 

1.3 DESCRIPTION AND SCOPE 

This will be a nine-monfeli study assessing aircraft technology 
related to general aviation aircraft of the 1985 time period. 

An important facet of the study will be to relate the influence 
of advanced technology and new design philosophies on the cost, 
performance, and operational capabilities of this class of aircraft. 

' Applicable technologies are to be evaluated for use in conceptual 
aircraft meeting the requirements of the Appendix. This analysis 
will include sensitivity studies and be . ' sufficient depth to justify 
the use of the results in the broad parametric studies being performed 
by the Mission Analysis Division. The study will be conducted according 
to the following guidelines and constraints. 

1.4 GUIDELINES 

1.4.1 The contractor will assess the advances in technology applicable 
to general aviation aircraft and indicate the areas yielding the 
greatest improvements in safety, economy, operational capabilities, 
user and community acceptance. 

1.4.2 The contractor will apply the results of the technology assessment 
to the conceptual design of at least four aircraft meeting the 
requirements of the Appendix. The technical proposal should indicate 
possible design concepts meeting the requirements and may also propose 
the study of additional designs. The conceptual designs should show 
imagination and ingenuity, however, they should be technically sound 
and justifiable for the 1985 time period. 



1.4.5 The contractor will assess the benefits and penalties on the per- 
formance, cost, and operational characteristics of the conceptual 
designs for incorporating the safety requirements outlined in the 
Appendix. 

1.4.4 The conceptual designs will evaluate a variety of propulsion schemes. 
Comparisons should also be made regarding number and type of propuxsion 
unit necessary to meet the performance requirements of each conceptual 
design. 

1.4.5 The conceptual designs will consider and evaluate design features 
that improve the economics of owning and operating general aviation 
aircraft. Emphasis should be placed on design features that improve 
utility as well as those that affect such cost items as fuel, inspection 
and maintenance, overhaul, storage, and insurance. 



1 . 4.6 

1.4*7 

1.4.8 

1.4.9 

1.4.10 
1.4.H 

1.5 

1.5.1 

1 . 5.2 

1.5.5 

1.5.4 

1.5.5 

1 . 5.6 
1.5.7 


The conceptual designs will investigate and evaluate the effect 
emission and noise control regulations might have on the performance 
and cost of the designs. 

The conceptual designs will meet the handling qualities specified 
in the Federal Air Regulations at both extremes of center of gravity- 
travel. The contractor may incorporate any augmentation system that 
is justifiable and feasible to provide the necessary stability and 
control. 

Conceptual designs with optimized cruise performance above 8000 feet 
will evaluate the benefits and penalties associated with cabin pressur- 
izationa . 

The conceptual designs should consider design approaches that have 
the potential of increasing the seating capacity by 50 percent. 

The contractor will evaluate the influence of VFR and IFR flight 
requirements on the conceptual designs. 

At the conclusion of the study the contractor will identify key 
technology requirements where additional research may increase 
the safety, utility, and economy of general aviation. 

CONSTRAINTS 


The studies will be made for the 1985 time period. The contractor 
will assume advanced technology, including such areas as aerodynamics, 
materials and structures, avionics and propulsion. The effects of 
assuming advanced technology will be indicated. 

The results of appropriate previous and current studies of aircraft 
design should be considered in determining feasible general aviation 
concepts. 

The conceptual designs will comply with the appropriate Federal Air 
Regulations regarding aircraft design and operation. Any inadequacies 
or restrictions in these regulations which may prevent the application 
of promising technology will be identified and possible modifications 
to the regulations suggested and justified. If no regulations are 
appropriate, the contractor will use design criteria accepted by 
the industry and based on sound engineering judgement. The conceptual 
designs must meet the safety requirements listed in the Appendix. 

The noise level for the conceptual designs will not exceed 75 PNdb' 
outdoors at a distance of 500 feet from the aircraft. 

The effect of production rate on aircraft cost will be shown for 
rates of 1000 to 100,000 aircraft per year. 

. - *'■: 

All costs should be expressed in 1969 dollars. 

Details of these ground rules may be modified by mutual agreement 
between the contractor and the Mission Analysis Division. 
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AIRCRAFT REQUIREMENTS 


The conceptual aircraft resulting from this study must meet the requirements 
in this Appendix. These requirements are of a mission nature to encourage 
the contractor to use ingenuity and imagination in his designs. The designs 
must he supported and justified by sound engineering procedures. There are 
four design categories. These are minimum design requirements. 

General . The following requirements are applicable to all categories. 

(1) The weight allowance for each seat will be 170 pounds for the occupant 
plus 50 pounds of baggage. Each seat will be allotted 4 cubic feet of 
ba'ggage space. 

(2) The minimum performance requirements for each category must be met with 
all seats occupied, full baggage, and enough fuel and oil for taxi, 
takeoff, approach, landing and 45 minutes reserve at normal cruise power. 

(3) The cruise altitude will be optimized according to the mission requirements. 

( 4 ) Safety requirements: (a) design load factor of 9g; (b) a method to provide 

automatic wing leveling; (c) a crash locating device; (d) a landing gear 
design sink speed of 13 feet per second; (e) a crash resistant cabin 
environment; (f) fuel remote from the passenger cabin; (g) fire retardant 
incorporated for fuel and propulsion system; (h) anti-icing equipment; 

(i) automatic landing flare device. . 

(5) The operating cost vrill include the cost for fuel and oil, inspection and 
maintenance, reserve for engine and propeller overhaul, storage, insurance, 
and depreciation. It will be calculated for utilization rates of 100, 300 
and 500 hours per year. 

(6) The resulting conceptual design of each category listed below will be 
the most economical design that meets the requirements. The sensitivity 
of initial cost and operating cost to changes in field length, range, and 
cruise requirements will be shown by individually varying each requirement. 
No field length sensitivity analysis is required for Category IV. 

Category I . - This concept should be the most economical aircraft in terms of 
purchase price and operating costs. It must meet the following requirements. 

(1) The critical field length will not exceed 1000 ft. 

(2) The range will not be less than 500 miles. 

(3) The normal cruise speed will not be less than 1 30 knots. 

( 4 ) The minimum number of seats will be four. 


Category II . This concept will provide good field performance but not be VTOL 
The requirements for this category follow. 

(1) The critical field length will not exceed 500 ft. 

(2) The range will not be less than 500 miles. 

(3) The normal cruise speed will not be less than 200 knots. 

( 4 ) The minimum number of seats will be four. 

Category III . This concept should provide the greatest productivity and meet 
the following requirements. 

(1) The critical field length will not exceed 1500 feet. 

(2) The range will not be less than 1500 miles. 

( 3 ) Tile normal cruise speed will not be less than 250 knots. 

( 4 ) The minimum mumber of seats ^ill be six. 

Category IV . This concept must have VTOL capability and meet the following 
requirements. 

(1) The range will not be less than 500 miles. 

(2) The normal cruise speed will not be less than 150 knots. 

(3) The minimum number of seats will be four. 
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APPENDIX II - DRAG CALCULATION 


II-l Zero Lift Drag 


RN = "K M x V(Kts) x L 
RN = Reynolds Number 
K = 8930 for 7500 feet 
K = 6440 for 20,000 feet 
V = 130 kts for Cat. 1 
= 200 kts for Cat. 2 
= 250 kts for Cat. 3 


L =, Characteristic Streamwise Length 

L = (Sw/AR)*^ for wings 


w 

where S = Wing area 
w 


AR = wing aspect ratio 

L^ (Hor. Tail) = .935 x W^ where = max fuselage width 
Ly (Vert. Tail) = 1.26 x H f where = max fuselage height 


For each of the above components the C^ (skin friction coefficient) can be 
found by the following formula: 

O 

pho 

C f = ( log 10 ' ((HN)C f ) ) 

^f » flat plate turbulent skin friction coefficient (general) 

This is the flat plate C f value at cruise velocity and characteristic fuselage 
length. The following data are necessary for fuselage C^ determination: 

1. Length 

2. Max. height 

3 . Max. width 

4. Max. cross sectional area 

5. Vision provision 

(a) full canopy 

(b) windshield and side windows (low wing) 

(c) windshield and side windows (high wing) 

(d) item (c) + rear window 

In order to reduce the flat plate skin friction drag to 3 -dimensional drag 
terms, it is necessary to multiply the basic 

n y * + ^ fineness ratio ^ 

ff « fuselage flat plate turbulent skin friction drag coefficient. 

C ff- * C ff X ^ + L./b- ^ 
c 3- * i 

f f ^ » fuselage skin friction drag coefficient correct for fineness ratio. 

D^ * (S £ x 4/y)*^ where D f = fuselage effective diam. 

and S ^ * Max cross-sectional area of fuselage, 
kf * Fuselage length 
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Various allowances must be made to correspond to actual conditions on a tractor 
airplane installation. They are: 

10$ for slipstream (tractor) 

5$ engine nacelle 

4$ windshield items (b) & (c) above 
4$ aft vision items (a) & (d) above 
5$ roughness 

5$ deviation from streamline shape 
\~ 55 % max multiplying factor 

114$ min. multiplying factor - does not include provision for rear vision, 
roughness (assume smooth plastic), or slipstream. 

= C f _ (1 + appropriate allowances) 

• *1 

= fuselage skin friction drag with all corrections 
= (Cf f * S f * K x L e f ^. f )/ S w 

K » 3.1 • 



For nacelles, the same estimation procedure is used as was used for Idle fuselage. 
The RH is found as in the first equation, and the is determined by the same 
formula used for the fuselage. N 

Appropriate allowances for nacelles are: 

10$ for slipstream (tractor installation) 

5$ engine provision 
5$ roughness 

5$ deviation from streamline 

C = (1 + appropriate allowances) 

*N N x 

C D * C f (S N X K X Vb N ) / S 

N 

N 

The drag of booms are determined by the same method as was used on the nacelles, 
except for the factor K = 3.4 rather than 5.1. 

For wing drag, after the C„ for the wing has been determined, (flat plate) 

W 

correction factors for various wing thickness are as follows: 


t/c 

K 2 

709 ~ 

1.52 

.12 

1.42 

.15 

1.55 
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where C 




The following allowances are considered applicable for the wing: 


10% roughness (normal sheet metal) 
k% slipstream (tractors) 

4# gaps, etc. 

l8% - possible total 


C 



1.18 C 


W, 


(maximum) 




(use full wing area to compensate for interference) 


The tail surfaces are selected by correlative data. The same factor for thick- 
ness should be used on the tail surfaces as on the wing, corresponding to Idle 
proper thickness. 5% should be added for roughness, U% for interference and 5% 
for gap drag, with i0% for the effect of propeller slipstream, plus using all of 
the tail area, including that covered by the fuselage. 

S H = 5.5 (w f ) 2 

S v = 2.4 (H f ) 2 


These values are to be multiplied by 1.3 for pusher- tractor configurations: 

Where = Horizontal tail area 

= Maximum fuselage width 
Sy = Vertical tail area 
= Total fuselage height 

These methods do not give proper tail areas for all conditions, but will give 
representative values for the configurations investigated. The tail drag will 
be 




e ( K thick ^ (roughness & interf.) (3.5)(w f ) 
H ’ factors g 


(K., . , ) (roughness & interf.) (2.4) (HJ‘ 
factors -~- 


The total zero lift drag equation then becomes: 

C D = C D + C D + C D + C D (if applicable) 

°TOT °WING °FUSE. °TAIL °GEAR 


+ Cp (if applicable) + (if applicable) + (misc.) 


NACELLE 


BOOMS 


The zero lift drag procedure specified in the paragraphs above give the method 
of determining the drag coefficient of the various major items of the aircraft 
except antennas and non- retractable gear, which will be discussed in the 
following paragraphs. 

The zero lift drag was evaluated from Lockheed Report ER 6223, "Aerodynamics 
Method Manual” dated 1 964 9 and "Fluid Dynamic Drag" by Sighand Hoerner, dated 
1958> and K. D. Woods' "Air Vehicle Design." 

The drag of the landing gear, when it is not retracted, or the drag of a re- 
tractable gear extended, will be determined by a formula of the following 
nature:' c 

v ,JL, -5 

nnr\ ) 


LG = 


where 


LG 


= flat plate area of gear 


W = airplane gross weight 

K = constant, varying from .7 for a well streamlined, short gear on a 
low wing airplane to a value of 2.0 for a retractable gear extended. Data con- 
tained in "Air Vehicle Design" by K. D. Wood was used as a reference for landing 
gear drag, as was S. F. Hoerner’ s "Fluid Dynamic Drag." These data were 
correlated with General Aviation Aircraft published data. 

The drag of the appropriate antennas and air scoops are added to the drag of 
the complete airframe. 

The cooling drag also has to be evaluated. In assessing the cooling drag, two 
reference reports were used. They were: "The Aerodynamics of the Cooling of 

Aircraft Reciprocating Engines" by A. S. Hartshorn and L. F. Nicholson, dated 
1956, published by the British Ministry of Supply and the "Lycoming Aircraft 
Engine Installation Manual," dated 1958* It was found that a good average value 
for cooling would be 2.5 percent of the engine power for cruise and 6 percent of 
the engine power for climb, with an optimum cowl flap configuration. With an 
installation having no variable geometry, the cooling could easily reach 10 to 
12 percent of the power available for cruise, or even higher. The most effective 
cooling method would be the use of a fan, with variable geometry exit, in the 
case of a noimal air cooled reciprocating engine. Another method of cooling that 
is quite efficient is the use of exhaust augmentor tubes. The present study 
will concentrate on the use of cowl flaps or fixed cooling geometry, but the 
other methods mentioned will be investigated in a cursory manner for comparison 
purposes. 

The above values of 2.5 percent power loss due to cooling drag for cruise, and 
6 percent during climb, are incorporated in the of all aircraft investigated. 
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II-2 Lift Induced Drag 


The aerodynamic lift drag is determined on the basis of investigations which 
indicates a maximum efficiency factor of 0.9 for the wing alone, whereas an 
efficiency factor of .8 would be more representative of a general aviation con- 
figuration, fitted with a normal fuselage. The value of 0.8 is used in all 
calculations of lift drag. The formula would be 


C D. " it ARe 

l 

in which 

Cp , = induced drag coefficient 
i 

C T = lift coefficient 
ij 

AR = wing geometric aspect ratio = 

ir = 3.1416 

where b = wing span 
S » wing area 
e = efficiency factor 



The lift drag would have to be added to the total C D to obtain the complete 
airplane in the clean configuration. Thus: 0 

+ C T 2 /it ARe 

Li 

total drag coefficient 

However, for a high lift configuration, the flap drag as determined in 5.1.2, 
would have to be added to the total C D = c d + C 2 ARe + c 

where total flap drag at the appropriate C T , including interference, effect 

D f L 

of flaps or induced drag, and flap zero lift drag. 



where C n = 




•--- -n»"r^3fc* 
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APPENDIX III 


SELECTION OP PROPS BY CONVENTIONAL MEANS 
Category I Airplane 


ASSUME HP - 225 @ 2600 RPM 
CRUISE PWR (HP) - 169 @ 2400 RPM 


TRY 6.35 FT. DIAM. PROP - 2B1.-150AF 


Take-off C 


225 


1123 


p 2000 x( 2600) 5 (6.25) 5 17-57 x .0954 


.0671 


C T /C p - 2.1 

STATIC THRUST - 

2600 x 6.25 


8 %£ 
225 


STATIC THRUST/HP - ||| - 3-8 #/HP 


Cruise C - - 1 &L 7983 

p 2000x/3 . 2?x . 0964 


.0827 


J - V/ND 


101.5X130 


2400 X 6.25 


.878 


851 ft/sec 


M t - .762 


D b - 85.7 @ .762 M t 


10.8 @ 2BL, 6.25 Diam. 
96.5 - Total overall FNdb 
Correction to PNdb 
100.0 PNdb NOISE LEVEL 
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Category II Airplane 


ASSUME H.P. - 400 (TAKE-OFF) 
CRUISE H.P. - 500 
RPM - 2600 @ $.0. , 2400 @ Cruise 
7 FT. DIAMETER 



400 X 1 

2000X(2.6) 5 (7 ) 5 


0675 


C T /C p - 2.2 (2B1 . , 150 AF) 


STATIC THRUST 


2.2 X 400 X 33000 
2600 X 7 


1596# 


THRUST/HP - 7 ^. .5.99 #/HP 

CRUISE EFFICIENCY 


c , mLim _ 

p 2000 X 13.27 X .168 


.0845 


__V 101.5X200 , 

m ND " 2400X7 * 

. 87.4% (150 AF, 2BL.) 


TIP SPEED - 955 Ft. /Sec. 

TIP M - 953/1116.89 - .853 

BASIC SOUND LEVEL - 92.8 

DIAM. & NO/BL - ]0 

102.8 

3 

" 105.8 


CONVERSION TO PNdb 
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AVIONICS AND INSTRUMENTATION 


Several representative organizations were contacted by letter ar.d question- 
naire to gain added insight into the status and probable future direction of 
general aviation avionics. Responses were received from the Aircraft Owners 
and Pilots Assn., the Aradar Corp., Collins Radio Co., and Narco Avionics 
Division of Narco Scientific Industries. The questions asked and the range 
of answers are given below. 

1. Do you foresee the availability of DME and area navigation computers at 
a price that will allow them to be used as widely as VOR is? Is there 
any development effort that could help bring this about? 

Answer: It is unlikely that the price of DME and area Nav computers 
can be brought down to match VOR because they are inherently 
more complex. However, it is entirely reasonable to expect 
significant price reductions as a result of improved technology. 
The extent of implementation in general aviation aircraft will 
be proportional to the advantages that accrue when flying in 
the R-NAV airways system. 

2. In regard to a possible alternate navigation system, the Dept, of Trans- 
portation's National Plan for Navigation indicates that the OMEGA system 
will be operational world-wide by 197.2 and will continue through at least 
1982. Do you consider OMEGA as a potential supplement or replacement to 
VOR/DME that would be advantageous to general aviation? 

Answer: The consensus is in favor of OMEGA as a supplementary nav-aid, 

but difficulties are recognized. Much development is needed, 
and problem areas include putting an antenna for such a low 
frequency system on a small airplane, the problem of VLP atmos- 
pherics, how best to resolve the inherent ambiguities, and how 
to fit a hyperbolic system into the airways structure. 

3. The Department of Transportation Air Traffic Control Advisory Committee 
has recommended the Intermittent Positive Control (IPC) concept as a 
major contribution to safety of flight in mixed airspace. This would 
require extensive redevelopment of the ATC radar beacon system. Do you 
consider this recommendation viable operationally and economically? 

Answer: The IPC concept is considered viable, but with reservations. 

The accuracy of the radar sensor for the intended purpose was 
questioned. It was pointed out that extensive ground facilities 
to process the data and display it on a real-time basis was 
necessary. 
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4» There is some expressed need to install weather radar on conventional 
single-engine propeller-driven airplanes. This i3 by pod-mounting the 
radar outside the propeller disc, or it might be feasible to look through 
the propeller disc with the antenna mounted below the engine and faired 
into the cowling. Do you have any suggestions that could lead to the 
availability of weather radar for single engine aircraft? 

Answers The responses indicated that weather radar on single engine 

aircraft was practical and if a sufficient volume of business 
were to materialize, the problem of cost and where to put the 
antenna would be solved. One of those responding stated that 
an experimental antenna built into the leading edge of the wing 
of a single-engine aircraft was flying and initial tests looked 
' promising. 





